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PREFACE 

This document represents  t h e  second informal qua r t e r ly  report  prepared 

under Contract NAS8-27191 ent i t led  "Reusable Nuclear Stage Advanced 

St ruc ture  Developnent Study." 

National Aeronautics and Space Administration's Marshall Space F l ight  

Center under the  cognizance of  Mr. J. M. Walters, t h e  Contracting 

Off icer ' s  Representative. The study w i l l  def ine an advanced s t r u c t u r a l  

concept f o r  Reusable Nuclear Stage (RNS) modules capable o f  being 

launched i n t o  e a r t h  o r b i t  within t h e  cargo bay of t h e  Space S h u t t l e  
and which will bo opera t iona l  i n  t h e  1980's and beyond. 

contr ibutor8 t o  t h i s  r epor t  and t h e i r  area of concentration are  

summnrized below: 

"he work is being performed f o r  t he  

The major 

/ 
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Sect ion 1 

INTRODUCTION AND SUMMARY 

This report summarizes t h e  technical. work performed during t h e  second 

qua r t e r  on the  Reusable Nuclear Stage Advanced St ruc tures  Study, under 

Contract NAS8-27191. 

of t h e  repor t  is  organized according t o  t he  t a s k  breakcbwn s t r u c t u r e  

used i n  t h e  study. 

Following a summary i n  t h i s  sec t ion  the  balance 

1.1 STUDY OMECTIVES 

The primary ob jec t ive  of t h i s  study i s  t o  define an advanced structure 
design concept f o r  t h e  Reusable Nuclear Stage ( R N S )  w i t h  modules adapted 
f o r  t r anspor t  t o  o r b i t  by t h e  space s h u t t l e .  

is t o  perform a f e a s i b i l i t y  assessment of t h e  se l ec t ed  concept and 

iden t i fy  t h e  major technology developments required.  The technology 
level u t i l i z e d  i n  t h i s  study is f o r  t h e  1980's and beyond. This allows 

the use of very advanced structural .  materials and introduces t h e  option 

of space fabr ica t ion .  These f ac to r s  a r e  most s i g n i f i c a n t  f o r  the RNS 

perfonnance due t o  t h e  low densi ty  mono-propellant LH2 employed and the 

limited volume ava i l ab le  i n  the  space s h u t t l e  cargo bay. 

Additionally,  t h e  study 

1.2 PHEVIOUS STUDY RESULTS 

Phase A d e f i n i t i o n  s tud ie s  were conducted under NASA contract  t o  def ine 

RNS configurations capable of being launch i n t o  ear th  o r b i t  within the 

cargo bay of t he  space shu t t l e .  These s tud ie s  u t i l i z e d  a 1973 technology 

l e v e l  and resulted i n  mul t ip le  modules fully fabr ica ted  on t h e  pound w i t h  

dimensions limited by those o f  t h e  space s h u t t l e  cargo bay. 

l imited dimensions approximately 8 d i s c r e t e  propel lant  modules were required 

t o  provide t h e  reference propel lant  loading of 136,000 Kg of LH2. 

due t o  t h e  ea r ly  l e v e l  of technology these  modules were fabr ica ted  from 

aluminum alloy. 

Due t o  these 

Additionally,  

1-1 



The concept i d e n t i f i e d  by WAC 

Figure 1 . 2-1 (Reference 1.1 ) . 
configured for launch t o  o r b i t  

under Contract NAS8-24714 is shown i n  

Three d i s t i n c t  types of modules, all 
i n s ide  t h e  4.57 m (15 f t )  diameter by 

18.3 m (60 f t )  long cargo beJr of t he  space s h u t t l e ,  are employed i n  

t h i s  vehicle.  

can be assembled and disassembled i n  space t o  form t h e  RIJS vehicle.  
The propulsion module contains NERVA and a s m a l l  run tank of propel lant .  

This f a c i l i t a t e s  replacement of NERVA as might be required because of 

failure o r  t o  extend the  l ifetime of t h e  M S  vehicle  beyond tha t  of t he  

engine. 

shown. 
The modules have a docking system on each end and are assembled i n  

the  c lus te red  configuration shown by f irst  accomplishing an end-to-end 
docking and then r o t a t i n g  the  outboard module i n t o  posi t ion w i t h  t he  

a id  of deployed hinge mechanism and space tugs. 

All modules are completely fabr ica ted  on t h e  ground and 

Primary propel lant  i s  contained i n  t h e  8 propellant modules 

Each propel lant  tank contains 16,600 Kg (36,500 lbs) of LH2. 

An aut-tsd deployment 

7 COMMAND AND CONTROL MODULE 

THERMAL/METEOROID PROTECTlON 7 INTEGRAL WAFFLE \ 
1NTER.MODULE STRUCTURE 

7 PROPELLANTFEEDSYSTEM 

7 DOCKING INTERFACE 

LIQUID LEVEL SENSORS 7 
S 

INBOARD TRANSFER 

PROPULSION MODULE 

l’igure 1.2-1 INDIVIDUAL MODULE CONCEPT 
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system is  used t o  connect the main propel lant  and e l e c t r i c a l  l i n e s  
between modules. 

t h e  forward end of t he  vehicle.  

funct ional  e q u i p e n t  and all of the expendables except mainstage LH2. 

It is  replaced between missions i n  ea r th  o r b i t ,  thereby e f f ec t ing  a 

replenishment of expendables and a l l  scheduled maintenance. 

The command and control  module (CCM) is located at  

This module contains most of t h e  

The vehicle  configuration w a s  se lec ted  t o  optimize t h e  combined e f f e c t s  
of b io logica l  sh ie ld  w e i g h t ,  which favors m a x i m u m  vehicle  length; m a x i m u m  
s t a b i l i t y  and c o n t r o l l a b i l i t y ,  which favors minimum length; and minimum 

assembly operations from the fewest outboard modules. The configurations 
shown employs 4 tandem modules which, i n  conjunction w i t h  t h e  small s o l i d  

angle subtended by the  run tank, precludes t h e  requirements of any 
b io logica l  shield. An adequate margin of s a fe ty  i s  maintained f o r  vehicle  

s t a b i l i t y  and c o n t r o l l a b i l i t y  w i t h  t h i s  configuration. 

The Lockheed modular concept developed under Contract ~m8-24715 i s  shown 

i n  Figure 1.2-2 (Reference 1.2).  

by the  space s h u t t l e ,  t h e  modules are assembled i n  t h e  configuration shown. 

This system is also completely fabricated on the ground and cons is t s  of 
a space frame, 6 propel lant  modules, and a propulsion module. They are 

configured i n  two tiers with a cen t r a l  void within the space frame 
i n  the forward t ier .  
bas i c  load carrying s t ruc tu re  o f  a RNS. 
are side docked t o  t h i s  space frame f o r  vehicle  assembly. 

module i s  located a t  the forward end of the  space frame and i s  stowed 

ins ide  the  space frame during launch. 
and contains the  major s t age  functional equipment. 

or  hinged t r a y s  provide access ib i l i t y  t o  the  equipment within the  s t ruc tu re ,  

Service of t he  module is  performed v i a  EVA i n  o r b i t .  

After t ranspor ta t ion  t o  earth o r b i t  

The space frame is hexagonal and provides the 

The outboard propellant modules 
An equipment 

It has 6 equipment bay areas 
Hinged panel doors 
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TtiERMAl/METLOROID PftOTJCTION 

- FUNCTIONAL 
EQUIPMENT 

,- S O U R  PANEL 

RADIATION SHIELD 

I 
Fi-0 J.24 SPACE FRAME CONCEPT 

Examination of these concepts shows t h a t  t h e  major impact of the l imi ted  

space s h u t t l e  cargo bay dimensions i s  on the  propel lant  module configuration. 

Additionally,  v i r t u a l l y  a l l  stage s t r u c t u r a l  weight i s  concentrated i n  the  

propel lant  module. 
seek a l i g h t  weight a l t e r n a t i v e  t o  these  propel lant  module configurations.  
The baseline approach will r e t a i n  t h e  use of t he  propulsion module and 

t h e  CCM from the  MDAC configuration. 

For these  reasons t h e  advanced s t r u c t u r a l  study w i l l  



1.3 STUDY PLAN AND STATUS 

The study schedule i s  shown i n  Figure 1.3-3.. 
se lec ted  a base l ine  configuration fo r  the  RNS.  T h i s  t a s k  w a s  completed 

and documented i n  the  preceding quarter ly  report .  

s t ruc tu res  concept r e su l t i ng  from Task 1 (summarized i n  t h e  following 
subsection) was car r ied  forward t o  Task  2 f o r  fu r the r  design def in i t ion .  

T a s k  2 was organized t o  treat the  unique features  as individual trade 

s tudies  o r  top ics  for ana lys i s ,  These features were then assembled 

t o  provide a basel ine RNS configuration. This t a s k  kas proceeded on 

schedule and will be campleted during the  next month. The new material  

requirements for the  advanced RNS configuration were evaluated under 

Task 4, Materials Invest igat ion.  This task  w a s  completed during the 

The i n i t i a l  Task 1 a c t i v i t y  

‘ h e  unique expandable 

. 7 8  

IL3 

- 

r .  

A 

ATP 
4/26/71 

n 

_I_ __.-. --- - 

Task 1 
Con f i gurat ion Se 1 e c t  i 011 

Tank 2 
Design Conoopt Gtudy 

Tank 3 
Murluf uct U l l l l ( I ,  F e a s i b i l i t y  , 
and Coat kialyrlr  

Task 4 
Mot a rials Inve 6 t lgat ion 

Task 5 
Summary hkaluation 

Reports: 
Sclrdule 
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Figure 1.3-1 STUDY SCHEDULE 
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* $  pas t  qua r t e r  and r e su l t ed  i n  t h e  d e f i n i t i o n  o f  a new concept f o r  a m u l t i -  

l aye r  tank l i n e r  as w e l l  as t h e  requirements f o r  a space curable  organic 
matrix tank  w a l l  composite. Task 3 was i n i t i a t e d  during t h e  p s t  quarter 

and produced a too l ing  and manufacturing plan and establ ished t h e  bas i s  

f o r  an  inspec t ion  and t e s t i n g  plan and a cost ing analysis .  
Summary Evaluation, i s  scheduled t o  begin during the  next month and w i l l  

produce a concept f e a s i b i l i t y  assessment, a n  over a l l  evaluat ion,  and 
a preliminary development program plan, 

Task S ,  

1.4 BASELINE HNS CONFIGUHATION 

The base l ine  RNS configurat ion defined i n  t h i s  study is shown i n  Figure 1.4-1. 

As can be seen t h e  propulsion module and CCM from t h e  preceding study results 

were retained.  The f u l l  RNS propel lan t  capacity is contained within the  

th ree  propel lant  modules shown i n  a tandem configuration. 

modules i s  l imi t ed  t o  t h e  18.3 m dimension of the space s h u t t l e  cargo bay; 
however, through t h e  use o f  expandable tankage material a module diameter 

of '7.53 m i s  obtained. The individual  propel lant  module i s  shown i n  

The length o f  these 

, Figure 1.4-2. The opera t iona l  configuration shows the  module f u l l y  deployed 

---I- 

/ Ffgure 1.4-1 BASELINE RB1S CO#FIGURATION 
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OPtltATlONAL CONFIGURAI ION 

LAUNCW CONFIGURATION 

1.4-2 RN S PROP- 
i 
, . -  

as i n  t h e  preceding f igure .  The launch configuration shows t h e  module 
folded i n t o  an 8 pointed star shape t o  f i t  within t h e  cargo baJl of the 

space shu t t l e .  

is f o r  a p l i a b l e  tank w a l l  material which can be folded i n t o  t h e  configuration 

shorn f o r  launch. An organic matrix composite tank wall is used t o  meet 

this requirement. The mstr ix  undergoes a f i rs t  stage c u e  t o  a p l i ab le  

non-tacky condition f o r  folding p r i o r  t o  launch. Once i n  o r b i t  t h e  tank 

wall is expanded t o  i t s  operat ional  configuration Via i n t e r n a l  preesuri-  

zat ion and a final. cure operation is performed t o  r i g i d i z e  the  tank. 

Composite reinforcement i s  provided by fibers of  PRD-49-3. 
bonded tank l i n e r  is  composed o f  5 layers  of urethane elastomer, each 

coated with vacuum deposited nickel.  An i n t e g r a l  seamless l i n e r  i s  provided 
i n  t h i s  way. The module end domes contained within the  launch configuration 

are r ig id ized  on t h e  ground. 

The bas ic  materials requirement imposed by t h i s  concept 

An i n t eg ra l ly  

A l l  module ins t rumenta t ion  and equipment 



? 

a$ w e l l  as t h e  intor-module t h r u s t  s t r u c t u r e  and docking systems are 

aerasmbl@d on tha ground t o  these rigid end domes. 

and o u r 8  operat ion i n  ea r th  o r b i t  produces a fully funct ional  propel lant  

module. 

Thus, t he  expansion 

A weights comparison between t h i s  advanced configurat ion and t h e  earlier 

MDAC concept i s  shown i n  Table 1.4-1. 
weight reduct ion exceeding 11,000 Kg is  ava i lab le  f r o m  t h i s  advanced 

concept. 
p roper t ies  of t he  advanced composite and the increased e f f i c i enc ie s  due 
t o  reducing t h e  number of modules from 8 t o  3. 

I t  can be seen tha t  a po ten t i a l  

This i s  divided about equally between the  improved materials 

Table 1.4-1 

RNS WEIGHT COMPAHISON 
i 

Element 

. 

Command and Control Module 

Propulsion Module (W/O Disk Shie ld)  
Propallttnt ’Modules : 

Tankage 

O t h e r  S t ruc tu re  
Kqui m e n  t 

The mal. /Meteor0 i d Protec t ion  
Contingency 

l l i s k  31.11 eld 

Pro pel l a n  t t k  si duals 

Tot UL 0 per a t  i onal Weight 
.. _ _ _  

Weight 

C u r r e n t  
( ~ ~ 3 8 - 2 4 7 1 4 )  
- 

2,130 

13,860 

2,820 

1,06S 

1,290 

j ,050 

t; 60 

1 , 210 
. I ,  310 

28,395 
-_ - - . 

(61,600 l b )  

Advanced 
Concept 

-- 
2,130 

13,860 

-- 



Section 2 

TASK 2 -- DESIGN CONCEPT S W Y  

Design of  t h e  base l ine  RNS propel lant  module continued during t h i s  repor t  

period. Additional design c r i t e r i a  are given i n  Subsection 2.1. Spec i f ic  

design features se lec ted  f o r  analysis  o r  t rade  s tudies  are contained 

i n  Subsection 2.2 while t h e  ove ra l l  module de f in i t i on  i s  summarized 

i n  Subsection 2.3. 

2.1 TASK 2.1 0- DESIGN CRITERIA 

The base l ine  configuration bending moment and ax ia l  load diagrams are shown 
i n  Figures 2.1-1 and 2.1-2 f o r  mission operation w i t h  t h e  engine gimbaled 

hardover a t  0,079 rad  (4.5 degrees) under f u l l  t n r u s t  34,000 Kg ( 75,000 l b )  . 
These represent  l i m i t  load  conditions and were generated by t h e  MDAC SB-15 
"Structural  Load Histor ies"  computer program. 
condition which is w i t h  all modules f i l l e d  wi th  LH2. 

gimbal point is a t  s t a t i o n  106 and t h e  forward end of the  command and control  

module i s  a t  s t a t i o n  45.5. 

They are f o r  the most severe 
I n  t he  f igures  t h e  

i 

6 The m a x i m u m  bending moment o f  335,000 N-m (3.1 x 10 

67. 
produced a t  t h i s  s t a t ion .  This results i n  a combined ul t imate  load  of  22,000 

N/m (126 l b / i n )  for t h e  tankage which w a s  analyzed t o  determine i f  it could 
resist engine operation loads i n  an unpressurized condition. Reference 2.1 

w a s  employed t o  perform the  analysis  and produced a bending allowable of  

3,430 N/m (19.6 l b / i n )  and a compression allowance o f  1,315 N/m (7.5 l b / i n ) .  
These values are w e l l  below the design loads,  therefore ,  the  tankage must 

2 be pressurized t o  at least 4,470 N/m 

buckling. 

i n .  l b )  occurs a t  s t a t i o n  
In  addi t ion  a th rus t  o r  compression load  of 18,000 Kg (40,000 l b )  i s  

(0.65 p s i )  operation t o  prevent 

A meteoroid surv iva l  pmbab i l i t y  o f  0.995 over t h e  reference 27 day round 

t r i p  lunar s h u t t l e  mission w a s  assigned. This is  cons is ten t  w i t h  t h e  

Phase I11 and Phase I V  Reusable Nuclear Stage Defini t ion Studies, 

tank pressur iza t ion  i s  required f o r  load t r ans fe r  during engine operat ion,  

t h i s  c r i t e r i a  w a s  applied t o  all module, full o r  empty, f o r  t he  full 

mission duration. 

Since 
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The space meteoroid environment from Reference 2.2 w a s  used. The meteoroid 

flux-mass model for t h e  range of i n t e r e s t  i s  described mathematically 

as: 

where Nt - number of particles/meter* - sec having mass m o r  greater and 

m = meteoroid mass i n  grams. 
tho average veloci ty  i s  20 km/sec. 
g rav i t a t iona l  defocussing f a c t o r  and planetary sh ie ld ing  f ac to r  as 
defined i n  t h e  reference mm applied over t he  course of the  design mission. 

3 The meteoroid density is 0.5 g/cm and 

Additionally,  t h e  appropriate 
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2.2 TASK 2.2 -0 CONCEPT FORMULATION 

During t h i s  report period the  s t a b i l i z a t i o n  system f o r  space curing 

of t h e  tankage composite was selected. As t he  base l ine  design progressed 

tank penetrat ions were redesigned to  improve l i n e r  i n t e g r i t y ,  t he  propellant 
and p r e s s u r i t r t l o n  l i n e s  were revised t o  improve system r e l i a b i l i t y  fo r  
r e l a t i v e  def lec t ions  between the  tankage and the  l i n e s ,  and t h e  sump was 

redesigned because o f  access requirements . In  addi t ion,  requirements 

f o r  t h e  reinforcing f ibe r  were reviewed and t h e  fiber se l ec t ion  changed 

t o  PRD 49-3. A t  t h e  same time a f iber  reinforcement leyup was determined. 

The design problems associated with t h e  insu la t ion  system were reviewed 
w i t h  the personnel conducting t h e  high-performance insu la t ion  s tudies  
and t en ta t ive  solut ions arrlved at for these  problaas. 

2.2.1 Stab i l i za t ion  System 

The candidate concepts f o r  t h e  support system required f o r  the  space curing 
of t h e  tankage composite were reviewed. 

i n t e rna l  support of t h e  in te r faces  and t h e  external  support system w a s  

redesigned because of inadequate clearances. The systems were s ized  based 

on t h e  space s h u t t l e  accelerat ion load factors del ineated i n  the  design 

c r i t e r i a  sec t ion  of t h e  F i r s t  Quarter ly  Report. 

A new concept was developed f o r  

The interned support system developed during t h e  f irst  quarter is shown 
i n  Figure 2.2-1. It is comprised of e igh t  s t r u t s  t h a t  a t tach t o  stainless 
steel f i t t i n g s  bonded t o  the  ground r ig id ized  dome poles. 

m u s t  be capable of moving w i t h  t h e  tank as it i s  f i l l e d  with LH2 and 

subsequently pressurized. This is accomplished by employing a telescoping 

design whose sect ions are released by automatically pul l ing a pin. 

The s t r u t s  





, 
f 

The new i n t e r n a l  support  sys tan ,  mho-  i a  Figure 2.2-2, cons is t s  

of a central. shaft which ha8 a r e s t r a i n i n g  ring at tached  a t  each end. E i g b t  

s t r u t s  are installed t o  each ring. 
fittings which are bonded t o  the  ground r i g i d i z e d  dome poles. To prevent 

racking or t w i s t i n g  of  the system se l f - a l ign ing  bearings are not employed 
and a c lose  to le rance  is  maintained between t h e  support s t r u t  and the 

c l ev i s  of i ts  attach fitting. 

The s t r u t s  b o l t  t o  stainless steel 

I n  order t o  ensure i n t e r f a c e  p a r a l l e l i t y  and perpendicular i ty  with the  

center  l i n e ,  the  system is i n s t a l l e d  and adjusted whi le  the module i s  
i n  i t s  f s b r i c a t i o n  f i x t u r e .  One of the  r e s t r a i n i n g  rings is at tached t o  
the cen t r a l  shaft by a p in  equipped with an automatic pu l l ing  device. 

Af'ter the  flexible tanb composite has been cured i n  space t h e  p in  i s  
pulled. This permits the  r e s t r a i n i n g  r i n g  t o  move along t h e  cen t r a l  
shaft, thereby compensating for the  

tank when it is  f i l l ed  with LH2 and subsequently pressurized. 

Foam blocks, which are at tached to the r e s t r a i n i n g  bands, were added 

t o  the i n t e r n a l  support s y s t e m .  
va l ley  of  star fo ld  and maintain t h e  fo ld  configurations.  

j e t t i soned  w i t h  the  restraining bands. 

@f the 

I 

These blocks are contoured t o  the 

They are 

The dieadvantages associated with t h i s  concept are:  

penalty incurred because the system i s  non-jett isonable and non- 

functionable af'ter module r ig id i za t ion ,  (2) the  requirement f o r  a p i n  

puller i n s i d e  t he  LH2 tankage even though the  nuDPber of  p ins  has been 
reduced from eight t o  one, ( 3 )  the penetrat ion of t h e  impermeable l i n e r  

and the a t tendant  danger of l i n e r  cracking by t h e  dome a t tach  f i t t i n g s  

and, (4) the probable requirement for a c a n i s t e r  or  shroud t o  support 
the uncured composite during ground operations and while t h e  module i s  

in s ide  t h e  space shu t t l e .  

(1) t h e  weight 





Since the  support  structure f o r  t h e  i n t e r n a l  support concepts i s  non- 

Je t t iaonable  an  aluminum graphi te  composite was se lec ted  f o r  t h e i r  

construction. The proper t ies  used i n  the  ana lys i s  were: 

E = 18.3 x lo9 N/m2 (26.5 x 10 6 p s i )  

F tv  = 81.2 x 10 6 2  N/m (118,000 p s i )  
Fcy = 61 x 10 6 2  N/m (88,500 p s i )  

3 3 p = 2,220 Kg/m (0.08 l b / i n  ) 

The main component o f  the revised design f o r  t h e  ex terna l  support system 

(Figure 2.2-3) are eight L-shaped supports,  two alignment support rings 

and two r e s t r a in ing  bands. Each L-shaped s u p p r t  cons is t s  o f  four  ma in  

members, two extending approximately t h e  full length o f  t h e  s tage  and two 

at 1.57 rad (90 degrees) t o  t h e  longi tudina l  members. 
members a t t ach  t o  support f i t t i n g s  machined i n  t he  assembly support r ings.  

For deployment t h e  supports are ro t a t ed  approximately 2.36 rad (135 degrees) 

about these  fittings by a pul ley and cable  system. 
i n  t h e i r  stowed pos i t ion  by t h e  r e s t r a in ing  bands which are j e t t i soned  
after the module has been deployed from the space shu t t l e .  
longi tudinal  members of the  supports are formed t o  t h e  contour o f  t h e  

val leys  of t h e  star fold t o  maintain the  fold configuration. A t r u s s  

framework is u t i l i z e d  t o  s t a b i l i z e  t h e  longi tudinal  members . 

These traverse 

The supports are locked 
I 

The inboard 

Each of the alignment support  r ings  is composed t o  two 3.14 rad (180 degrees) 

segments which are joined toge ther  w i t h  b o l t s  and explosive nuts. The r ings 
fit i n t o  grooves which are machined in to  t h e  intermodular thrust s t r u c t u r e  

in t e r f ace  r ings.  A f t e r  the  f l e x i b l e  composite has been r ig id ized ,  t h e  

explosive nuts are ign i t ed  and t h e  alignment r ings and supports are 

j e t t i soned  by spr ings o r  a Wrotecnic  device ins ta l led  between t h e  r ing  

segments. An all aluminum construction w a s  se lec ted  for t h i s  concept s ince  

t h e  system is Je t t i soned  after the  tank i s  r ig id ized ,  thereby, imposing 

no penalty on the  operat ional  weight. 



\ 
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A weight statement f o r  these  t h r e e  candidates is given i n  Table 2.2-1. 

The externa l  support system w a s  se lec ted  because: 

therefore ,  having t h e  least impact on operat ional  weight, rad (2) it does 

not require tank i n t e r n a l  a t t ach  fittings which could cause cracks i n  t h e  

l i n e r  when loads are induced. 

'5 ./ 

(1) it is j e t t i sonab le ,  

Table 2.2-1 

SUPPORT SYSTEM WEIGHTS 

System 

In te rna l  Support, Eight 
Per ipher ia l  S t r u t s  

Weight. Kg (W 

80 (175) 

In t e rne l  Umbrella Support 55 (120) 

External Support 380 (835) 

2.2.2 Tank Penetrations 

The l i n e r  concept developed for t h i s  study i s  a seamless membrane t h a t  can 

e a s i l y  accommodate dome compound curvatures.  It i s  fabricated by spraying 

a series of urethane l aye r s  on an i n f l a t a b l e  mandrel. Each elastomer 

layer  receives  a coating of vacuum deposited nickle  600 t o  1200 

1200 i is used as an approximate upper limit subsequent t o  which the  coating 

become b r i t t l e  . 

I 

thick.  

In  order t o  improve t h e  i n t e g r i t y  of t h e  l i n e r  a t  tank penetrat ions the  

feed through8 were redesigned as shown i n  Figure 2.24, 

t h e  feed through in the  mandrel after the  primary l i n e r  has been applied. 

A second, loca l ized  l i n e r  coating is then applied t o  the exter ior ,  outboard 

edge of t h e  feed through flange. 
between t h e  l i n e r  and t h e  feed through flange and eliminates post 

appl icat ions of l i n e r  after the  m a n d r e l  i s  removed as w a s  t h e  case w i t h  

the  previous design. A f t e r  the  l i n e r  has been fabr ica ted  t h e  dome pole 

tankage composite i s  lwed up and cured on t h e  l i n e r  u t i l i z i n g  t h e  s m e  

"his design i n s t a l l s  

This permits a m e t a l  t o  metal contact 

expandable mandrel a8 the liner. 
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Figure 2.24 FEED THROUGH REDESIGN 

The feed through8 were modified by incorporation of bi-rmetallic weld 

Jo in t s  i n  p lace  of bolted a t t ach  flanges i n t e r n a l  t o  the  tank. 

extern& flange design was not changed because length requirements f o r  

t h e  b i - m e t a l l i c  j o i n t  would decrease the  tank length.  

The 

2.2.3 Propel lant  Feedline 

Each propel lant  m d u l e  contains an i n t e r n a l  feed duct riser. This 
12  i n .  diameter feed through duct i s  required f o r  re fue l ing  and fu l l  

t h r u s t  feed operat ing conditions. The duct t raverses  the  e n t i r e  length 
of the  tank. Due t o  deployable requirements no support w a s  ava i lab le  f o r  

t h i s  run. 
techniques w i l l  be u t i l i z e d  t o  transform t o  s t a i n l e s s  s t e e l  wherever 

f l e x i b l e  elements are used so t h a t  no aluminum bellows w i l l  be u t i l i z e d  

i.n t h e  system. 

The duct bas ic  mater ia l  is aluninum and b i a e t a l l i c  joining 

The duct design gages w i l l  be governed by col lapse 
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considerations.  This condition occurs during main feed system 

operat ion when t h e  s t a t i c  pressure i n  the  duct is less than  t h e  

pressure i n  t h e  tank through which the  feed through i s  being 

accomplished. 

The i n t e r n a l  duct s ec t ion  m u s t  be capable of absorbing various 

working def lec t ions .  These def lec t ions  are i n s t a l l a t i o n  tolerances, 

thermal def lec t ions ,  and def lec t ions  due t o  tank pressurizat ion.  

The d i f fe rences  i n  the  duct parent  material t o  tank material, make 

pressur iza t ion  def lec t ions  predominant. The tank length  relative t o  

t h e  duct w i l l  increase  by 17.7 centimeters due t o  thermal and pressure 
e f fec ts .  

t h e  l a r g e  unsupported duct  length necess i ta ted  t h a t  the  f l e x i b l e  
elements used ' i n  t h i s  system provide t h e  necessary s t r u c t u r a l  s t a b i l i t y  

as w e l l  as predic tab le  end loading conditions. Various element schemes 
were invest igated.  A sec t ion  of  l i n e d  unt ied bellows w a s  considered. 

This large l i n e a r  extension requirement i n  conjunction w i t h  

i This departs from being a pure t e n s i l e  system, and therefore, introduces 

compressive end loading on the  flanges.  Since t h i s  condition could cause 

excessive bending moments due t o  t h e  long unsupported length o f  t h e  i n t e r n a l  
riser, i t  w a s  discarded. Various d y n d c  sea l ing  concepts were reviewed 

and discarded based on the  same moment loading problems. The system 

selected u t i l i z e s  a pressure volume compensator t o  absorb the  la rge  l i n e a r  
extension requirement. This type of  a f l e x i b l e  element contains 3 sec t ions  
of bellows which are ine r t ed  t o  e l iminate  t h e  pressure separa t ing  load. 

This type of system w i l l  only transmit a load corresponding t o  t h e  axial 

spr ing  rate of the 3 sec t ions  o f  bellows. 

tensile loading system. The compensator i n  conjunction w i t h  two gimbals,  

one loca ted  a t  each end of t h e  60 ft. long riser, completes the  system. 

The ginibals provide for flange misalignment and, i n  conjunction w i t h  t h e  

compensator, w i l l  provide the  5' freedom requirements o f  the system. 

This provides f o r  a pred ic tab le  



"his pure t ens i l e  system a l so  w i l l  be  stable and the re fo re  provide 

t h e  required duct support. The gimbal j o i n t s  and t h e  pressure volume 

compensator both contain sec t ions  of convoluted m e t a l  bellows. A 

t e n t a t i v e  s e l e c t i o n  f o r  the  material i s  321 CRES. Expected low cycle  

requirements and the  circumferent ia l  support  obtained i n  the pressure 
volume compensator should reduce bellows squirm problems thus permit t ing 

the use of th i s  conventional Aus ten i t ic  steel .  If high cycle requirements 

evolve, then  various heat r e s i s t e n t  alloys such as Inconel 718 must 
be invest igated.  Although some nickel-base a l loys  can present  hydrogen 

embrittlement problems i f  ambient temperature regimes are prevalent.  

2.2.4 Pressurizat ion ouct 

The pressur iza t ion  l i n e  is  a 2 in .  diameter duct t h a t  runs externa l  to  

the propel lan t  tank. T h i s  duct conveys gaseous hydrogen a t  approximately 
300'R and 800' p s i  from t h e  engine tap-off  t o  se rve  as expulsion pressurant .  

The duct  assumes the  shape of  a double dog-leg and i s  supported on both 
ends on the  tank intermodule t h r u s t  s t ruc tures .  Close t o  both supports 

on either end of t h e  tank a swivel type j o i n t  is located.  These j o i n t s  

provide a r o t a t i o n a l  deployment capabi l i ty .  The stowed pos i t ion  and 

t h e  deployment motions are compatible with the  s t a b i l i z a t i o n  system shown 
i n  Figure 2.2-3. The approximate 17 m unsupported length o f  t h i s  duct 

w i l l  r equ i r e  s u f f i c i e n t  duct gage t o  ensure s t r u c t u r a l  s t a b i l i t y .  The 

swivel type j o i n t s  l oca t ed  on e i t h e r  end u t i l i z e  a dynamic seal as 

w e l l  as s u f f i c i e n t  guides t o  transmit t h e  s t r u c t u r a l  load i n t o  t h e  tank 

support. This duct assembly m u s t  absorb operat ional  def lec t ibns  due t o  
thermal and pressur iza t ion  def lec t ions  r e l a t i v e  t o  t h e  propel lant  tank. 

The requirements are similar t o  those on t h e  main propel lan t  feed duct.  

There i s  a n e t  increase i n  length of 1 5  centimeters due t o  t h e  combined 

e f f e c t s  of t h e  thermal and tank pressur iza t ion .  The duct i t se l f  due 
t o  i t s  r e l a t i v e l y  ambient sur face  temperature changes a very s m a l l  amount. 

The various flexible elements were considered t o  achieve t h i s  def lec t ion  

requirement with m i n i m u m  tank loading and compatibi l i ty  w i t h  t h e  deployment 

requirements. 

1 

I 
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The configurat ion se l ec t ed  u t i l i z e s  a s l i d i n g  type j o i n t  with a dynamic 

seal t o  absorb t h e  large linear extension requirement. 

load induced by this dynemic seal i s  reacted by a r i g i d  support where t h e  
The separat ion 

1 
,l 

duct pene t ra tes  t h e  tank t h r u s t  s t ruc tu re .  

on-assembly type support enabling t h e  extension capabi l i ty  of the  s l i d i n g  

j o i n t  t o  b e  used i n  conjunction w i t h  the  two gimbal system t o  provide f o r  

i n s t a l l a t i o n  to le rance  absorption. The two gimbals provide a p a r a l l e l  

o f f s e t  capabi l i ty ,  which i n  conjunction w i t h  t h e  s l i d i n g  j o i n t  provide 

the necessary 5' of freedom capabi l i ty  required of' the system. 

system i s  u t i l i z e d  on both ends of t h e  dog-leg pressurant riser. Provisions 

will be made f o r  tee ing  i n t o  t h e  pressur iza t ion  duct a t  t h e  forward dome 
i n  order  t o  provide a duct t h a t  w i l l  terminate a t  t h e  in t e r f ace  between 

t h e  modules. This tee w i l l  then enable pressurant t o  gas t o  be t ransfer red  

t o  t h e  next module i n  l i n e .  
f o r  t h i s  appl ica t ion  and the major cons t ra in t  being t h e  increase  i n  length 

requirement f o r  such a f l e x i b l e  element . 

This s o l i d  support i s  a drill- 

A s i m i l a r  

A pressure volume compensator was reviewed 

Two o t h e r  systems are current ly  s t i l l  under reivew, and both look promising 
fo r  t h i s  appl icat ion.  The f i r s t  would u t i l i z e  a bas i c  3 gimbal tensile 

\ system i n  the dog-leg port ion o f  t h e  duct.  With t h e  use of high angulation 

gimbals (15") capabi l i ty  it i s  possible t o  absorb t h e  full l i n e a r  motion 
i n  a 3 gimbal angular system. 

u t i l i z a t i o n  of two addi t ional  swivel type j o i n t s .  This system introduces 

four more 90' bends which m u s t  be  considered from a system impedence 

standpoint,  bu t  does afford a simple and d i r e c t  routing. The addi t ion 

of  two more swivels with angulation capabi l i ty  w i l l  e l iminate  the  necessi ty  

f o r  t h e  s l i d i n g  j o i n t  and the  two gimbal assemblies. 

reduce t h e  loading problem a t  t h e  penetrat ion of t h e  t h r u s t  s t ruc tu re .  
Since the  current  system uses swivel j o i n t s  f o r  deploying t h e  pressurant 
duct loop, the addi t ion  of two more j o i n t s  would be cons is ten t  w i t h  

t h i s  philosophy. 

the dynamic s e a l  i n  t h i s  type of j o i n t  would be h igh  i n  order t o  achieve 

good leakage control.  This would require a l a rge  force  t o  r o t a t e  t h e  Jo in ts .  

The second a l t e rna t ive  would be t h e  

This would 

Although it should be noted t h a t  t he  un i t  loading on 

The pressur iza t ion  duct penetrates  t h e  tank from t h e  forward dome area 

and terminates i n t e r n a l  of t h e  tank u l l age  i n  a pressurant  d i f f u s e r  
which u t i l i z e s  a nylon bag concept. 

d i r e c t  impingement of  t h e  w a r m  pressurant  gas i n t o  the cold l i q u i d  surface 

at t h e  tank top. 

' t  The bag d i f fuse r  o u t l e t s  prevent 
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As the  design of  t he  mandrel progressed, it became evident the sump would 

have t o  b e  redesigned because o f  inadequate clearance f o r  both mandrel 

removal and personal ingress  and egress. I n  the  o r i g i n a l  design shown 

schematically i n  Figure 2.2-5 t h e  sump assembly consis ted of  a t runcated 
cone and a cover which u t i l i z e d  a single conoseal. The sump body w a s  
in tegra ted  i n t o  the  layup o f  t h e  aft dome pole  and had cloth l aye r s  bonded 

t o  both i t s  f lange and body. Since the  propel lant  feed l i n e  elbow is 

welded t o  the  sump body it inf r inges  on the required clearance envelope. 

A schematic of  the  redesigned vers ion i s  shown i n  Figure 2.2-6. 

consis ts  o f  three components, t h e  jamb, sump body and cover. Two 
conoseals are required f o r  t h i s  design. The jamb is  in tegra ted  i n t o  

the layup of  t he  aft  dome pole  and t h e  sump body i s  bol ted t o  t h e  jamb 

after t h e  mandrel i s  removed and the re  are no requirements fo r  personal 

passage i n t o  the  tank. The propel lant  feed l i n e  elbow is  welded t o  t h e  

sump body i n  t h i s  case a l s o  but poses no clearance problems. 

I n  the o r i g i n a l  design the  cover w a s  required t o  provide access t o  i n s t a l l  

both t h e  anti-vortexing rrcreen and t o  a t t ach  the  feed l i n e  t o  the  feed l i n e  

elbow. With t h e  revised version t h e  anti-vortexing screen i s  i n s t a l l e d  

p r io r  t o  i n s t a l l a t i o n  of the  sump body and t h e  cover i s  required only t o  
provide access t o  m a k e  t h e  f i n a l  feed l i n e  connection. 

I t  

2.2.6 Fiber Reinforcement Layup 

A def lec t ion  check w a s  conducted on t h e  tankage to  determine t h e  motion 

caused by pressure and thermal loading. Results of t h e  invest igat ion 
showed t h a t  a tank constructed from f i b e r  g l a s s  re inforcing fi laments 

contracted 8 cm (3.15 in . )  when cooled t o  LH2 temperature and expanded 
28.8 cm (11.37 in . )  when pressurized t o  20,700 N/m 

produced a total  d i f f e r e n t i a l  of 20.8 cm (8.22 i n - >  which is approaching 

2 (30 p s i ) .  This  
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Figure 2.2-6 REVISED S W  DESIGN 
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the two percent s t r a i n  allowable o f  the matrix system. 

reduce th i s  value PRD 49=3 fibers were inves t iga ted  because of  their high 

modulus of  e l a s t i c i t y .  Even though t h i s  fiber exhibits a negative the& 

coe f f i c i en t  of expansion, the t o t a l  d i f f e r e n t i a l  was reduced t o  15  cm 
(5.9 in.) .  
PRD 49-3 was se l ec t ed  f o r  the re inforc ing  fibers (8- Section 4 f o r  

material proper t ies ) .  

In an effort t o  

Based on the above rerrults md its high s p e c i f i c  s t rength ,  

Ths longi tudina l ly  and circumferent ia l ly  re inforced membranes are woven 

structures containing four per cent  p i c  fibers. The neck area at one end 

o f  t h e  longi tudina l ly  reinforced membranes is configured using an expansion 

weave which is designed t o  expand t o  the iull diameter of  t he  tank. 
a r e  i n s t a l l e d  over t he  l i n e r ,  which contains an i n f l a t a b l e  mandrel, per  

t h e  sequence shown i n  Figure 2.2-7. 
impregnated w i t h  the organic matrix and subjected t o  the first s t e p  cure. 

!Che membranes w i l l  be completely cured where they f a s t en  to the intermodular 

thrust s t r u c t u r e  attach flanges. 
zone they undergo a cure gradient  t o  the first s t ep  cured area. 

They 

After i n s t a l l a t i o n ,  the  membranes are 

From t h i s  point  thmugh the t r a n s i t i o n  

The weave required for t h e  a t r e t c h  por t ion  of t he  membranes which have the  

majority of their re inforc ing  fibers or iented in t h e  longi tudinal  d i r ec t ion  
WEE determined from a personal communication w i t h  Mr. W. Miller of  Woven 

Structures.  

the f i l l  yarn by plying it w i t h  an elastomeric yarn, pre-tensioned and 

served w i t h  S-glaas fill yarn t o  give it a maximum expansion of 60 percent. 
Figure 2.2-8 is  an i l l u s t r a t i o n  of t he  technique. 

This w i l l  be accomplished by changing the  cha rac t e r i s t i c s  of 

The requirements fo r  in tegra t ion  0.785 rad (45 degree) reinforcing f ibe r s  
fbr shear t r a n s f e r  wu1 invest igated.  

tha t  only fibers or ien ted  t o  r eac t  longi tudinal  and circumferential  
stresses are required. !Phis has been shown by tests described i n  References 

2.3 and 2.4. 

Both p rac t i ce  and theory denote 
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LonRitudinal F i b e r s  T- 

F i w e  2.2-8 Sl"CH WEAYE CONCEPT 

2.2.7 Thermel Insu la t ion  

The in su la t ion  concept s e l ec t ed  f o r  t h i s  study was coordinated w i t h  t h e  

personnel conducting t h e  study "Invest igat ion o f  High-Performance Insu la t ion  

Application Problems" under Contract NAS8-21400. 

sheet t ea r ing  by the  f a s t ene r  o r  pin associated w i t h  the  relative motion 
o f  t h e  outer  sheet wi th  respect  t o  t h e  inner  sheet o f  an i n su la t ion  panel 
when folded t o  25.4 cm radius and then expanded t o  a 3.76 m radius w a s  

investigated.  Possible  so lu t ions  arrived at were: (1) a pie-shaped 
s l o t  i n  t h e  panels which would permit t h e  sheets of  HPI t o  move w i t h  

respect  t o  each o the r  without t ea r ing  t h e  Mylar, ( 2 )  allow ex t r a  material 
for t h e  inner  sheets  t o  accommodate t h e  sheet tensioning e f f e c t  upon 

deployment, and ( 3 )  space t h e  fas teners  et a grea te r  dis tance i n  order 

t o  minimize r e l a t i v e  motion. 

During t h e  discussion 

. >  t 

The t h i r d  so lu t ion  appears t o  have t h e  least  impact on t h e  present  insu la t ion  
blanket design and w a s  se lec ted  for f u r t h e r  inves t iga t ion .  The present  
design hss f a s t ene r s  spaced 30.4 cm (12 in.)  on center ;  however, it would 

be possible t o  respace fasteners t o  twice t h i s  d i s tance  and r e t a i n  
s t r u c t u r a l  1ntegrity.Refereace 2.5 presents tes t  data by Lockheed and 

ind ica tes  tha t  decompression loads on a but t - jo in ted  blanket system are 

very low. The lpLudmum measured d i f f e r e n t i a l  pressure (Ap) w a s  83.7 N/m 

(0.012 psi). This was fo r  unperforated sheets. For perforated sheets 

which are employed in t h i s  concept, it would be poss ib le  t o  reduce t h i s  

value by 50 percent. "his would r e s u l t  i n  a fas tener  ultimate tension 
load o f  2.2 kg (4.8 lb). 
which i s  u t i l i z e d  f o r  t h e  panel design, produced tension allowables of  

2 

Recent IRAD tests on t h e  Butineer fastener,  

, 2.26 kg ( 5  lb). The i n e r t i a  or g-loading a f f e c t s  on an insu la t ion  

blanket i s  small. 

(1.3 l b ) .  

excess o f  0.91 k g  ( 2  lb) . 
The ultimate load on each fas tener  would be 0.6 kg 

l'he allowable fas tener  shear load from Referen- 2.6 is i n  
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Some r e l a t i v e  motion of  t he  shee ts  without damage t o  the  f a s t ene r  holes  

can be t o l e r a t e d  by t h e  blankets.  

1.2 cm was fabricated using f la t  tool ing.  

t o  1 0  m (33 ft) diameter sidewall mockup. 
t he re  w a s  no t ea r ing  at  t h e  fas teners  (Reference 2.7). 

A small test panel 1.2 by 0.61 m by 
The panel w a s  then i n s t a l l e d  
The panel f i t  e a s i l y  and 

i 

) 

The second area of discussion w a s  t h a t  o f  j o i n t  gaping between panels 
when t h e  module is deployed. ThC post v iab le  so lu t ion  for  t h i s  problem 

would be t o  minimize j o i n t  travel and relative motion by increasing the  
panel width t o  approximately 2.96 m (115 in . )  and t o  l o c a t e  the  j o i n t s  
on the  center l ines  of t h e  star f o l d  points  (Figure 2 . 2 4 ) .  

taping t h e  inne r  sheets o f  t h e  panels together  at t h e  j o i n t s  would 

prevent rolling of t h e  j o i n t  when the  module i s  deployed. 

I n  addi t ion ,  

The e f f e c t  o f  t h e  d i f f e r e n t  coe f f l c i en t s  of contract ion of t he  tankage 

material and t h e  i n s u l a t i o n  was a l so  invest igated.  Since Mylar cont rac ts  

and PRD 49-3 expands when cooled, t h e  i n s u l a t i o n  blankets  would be 

designed with an excess of material i n  both t h e  longi tudina l  and 

circumferent ia l  d i r ec t ion  t o  accommodate the  movement o f  t h e  tankage. 

I n  order  t o  minimize t h e  heat  leak at j o i n t s  c i rcumferent ia l  j o i n t s  would 

I be eliminated. Individual  i n su la t ion  blankets  would extend t h e  full 
len&h of t h e  tankage. 

3 

I 

f 

Figure 2.2-9 INSULATION JOINT LOCATION 

2.20 



2.3 TASK 2.3 -0 CONCEPT DEFINITION 

During t h e  second quar te r  t h e  basel ine c o n f i w a t i o n  drawing (Figure 3.2-1) 

w a s  modified t o  incorporate the  changes del ineated i n  subsection 2.2. 

Section B-B of Sheet 1, the propel lant  feed l i n e ,  p ressur iza t ion  l i n e  and t h e  

vent l i n e  were revised. The bellows i n  the propel lant  feed l i n e  w a s  replaced 

by a compensator and a gimbal j o i n t  w a s  added t o  the  forward end of  t h e  feed 

l i n e  t o  compensate f o r  i n s t a l l a t i o n  tolerances.  The pressur iza t ion  l i n e  was 

rerouted t o  i t s  present 1.57 rad (90 degree) configuration because of 
clearance requirements when it is  stowed. 

of t h e  dome nor does it nes t  i n t o  one of t h e  star f o l d  val leys  f o r  stowage. 

Instead it t r ave r ses  t h e  module length adjacent t o  one of t he  poin ts  a t  t h e  
star fold. The vent l i n e  penetrat ion was moved t o  t h e  center  of t h e  dome t o  

provide a p o r t  for the  mandrel spindel.  
support brackets ex te rna l  t o  the  tank,  rather than i n t e r n a l ,  where they could 

cause damage t o  t h e  l i n e r .  

In  

It no longer p a r a l l e l s  t he  contour 

This a l s o  permits mounting of 

The ex te rna l  support system required f o r  curing of t h e  tankage composite i n  

space w a s  added t o  view F and Section G-G of Sheet 2. The details of t h i s  

system w i l l  be described subsequently as new views and sect ions are presented. 

V i e w s  C and E of Sheet 3 were modified f o r  t h e  new tank penet ra t ion / l iner  

design and by replacement of  t h e  i n t e r n a l  bol ted f lange connection f o r  t h e  

feed through and propel lant  l i n e  with a bi-metall ic weld j o i n t .  This j o i n t  

i s  welded t o  the feed through p r i o r  t o  i t s  i n s t a l l a t i o n  i n  the  mandrel. E l -  

imination of f lange provisions s impl i f i e s  t h e  mandrel desim. V i e w  E shows 

t h e  appl ica t ion  of t he  l i n e r  t o  both the  inside and outs ide surfaces  of the  

feed through attach flange. I t  also shows t h e  layup of t h e  dome pole  

composite t o  the  feed through. 

V i e w  H of  Sheet 4 w a s  changed t o  r e f l e c t  t he  r f rou t inp  of t h e  pressur iza t ion  

l i ne .  I t  i 8  shown i n  i t s  stowed pos i t ion  i n  the view. V i e w  J w a s  completely 
revised t o  incorporate t h e  sump redesign. 

mandrel afier t h e  l i n e r  has  been applied t o  it. A second loca l ized  l i n e r  
coating is then applied t o  t h e  outboard surface of t h e  jamb. 

t i o n  i e  u t i l i z e d  t o  a t tach  t h e  jamb and a meta l l ic  gaske t  is used t o  seal t h e  

matinp: surfaces .  

The jamb is  i n s t a l l e d  i n  t h e  

A bolted connec- 

I 
i 
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The assembly sequence f o r  the  longi tudinal ly  and the  circumferent ia l ly  re- 
inforced membranes is shown on Sheet 5. The longi tudinals  are i n s t a l l e d  

first because the  circumferent ia ls  would r e s t r a i n  t h e  reinforcing pieces from 
separat ing and f o r  ease of  fabr ica t ion  s ince  the  spher ica l  segment at  one 

end of the membrane must be stretched t o  the f u l l  diameter of t h e  tank. Also 
sham on Sheet 5 is the  forward dame pole layup including the layup around t h e  

feed throughs and t he  inter-modular t h r u s t  s t ruc tu re  a t tach  flange. All feed 

throughs incorporate bi-metallic weld j o i n t s  i n t e r n a l  t o  the tank. The af t  
dome pole layup is shown on Sheet 6. 
dome pole. 

i 

It is similar t o  tha t  of the forward 
A bolted connection is employed t o  attach t h e  cover ( V i e w  L 

Sheet 6 )  t o  t h e  sump. 
gasket. 

Sealing of t he  t w o  components is provided by a metal 

The s t a b i l i z a t i o n  system and the pressurizat ion l i n e  are shown i n  both t h e i r  

deployed and stowed posi t ions i n  V i e w  M-M and Section I-B, Sheet 7. 
s t a b i l i z a t i o n  system cons is t s  of eight Gshaped supports,  each support com- 
prised of a s t a b i l i z i n g  s t r u t  and a fo ld  support both extending the  length of 

the module, plus t w o  t r i angu la r  shaped t ransverse support frames. The 

support frames at  the forvard end of the module are fabricated from forgings 
and are pul ly  configurated at  t h e i r  apex. 
i n t o  the s t a b i l i z i n g  s t r u t  r ing.  

for support deployment. 
buckles and u t i l i z e s  a ball terminal dr iving against  a s l o t  i n  t he  support 

frame apex t o  r o t a t e  t he  support assemblies. 
reduction gear assembly arc mounted on the  s t a b i l i z i n g  strut ring. 

The 

i 

They attach t o  f i t t i n g s  machined 
A s ing le  motor driven cable is employed 

The cable i s  tensioned between supports by turn- 

Both the dr ive motor and 

Two s t a b i l i z i n g  s t r u t  r i ngs ,  one at the forward end of the module and t h e  

other  at t h e  aft  end are employed i n  t h e  design. Each r i n g  i s  fabr ica ted  

from two 3.14 rad (180 degree) segments which u t i l i z e  b o l t s  and explosive nuts  

for segment attachment. 

nest  i n  mating grooves i n  the  closing frames of t h e  intermodular t h r u s t  s t ruc-  

tures (IMTS). 

t h r u s t  s t ruc tu res  and maintains in t e r f ace  p a r a l l e l i t y  during the  space curing 

operation. After the  module has cured t h e  cable is severed by redundant sets 

of cable c u t t e r s ,  which are mounted on t h e  support r ing.  

The r ings  have in t eg ra l ly  machined tongues which 

This provides a closed load path between the  forward and aft 

The exploaive nuts 
) 
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are then imited and t h e  support assembly j e t t i soned  i n  half  sect ions.  

separat ion force is provided either by mechanical sprinps o r  pyrotechnic 

devices i n s t n l l e d  between t h e  support r i n g  segments. 

The ' ' i  

In t h e  stowed condition t h e  fo ld  rupports,  which have a 5.1 c m  (2 i n . )  

diameter and a w e l l  thickness of 0.16 cm (0.40 in .  1, nes t  i n  the va l leys  

or troughs of the  star fold and conform t o  the contour of t h e  fold. The 

s t a b i l i z i n g  s t r u t s  which resist the  i n e r t i a l  loads during launch are 12.7 c m  

(5.0 in . )  i n  diameter with a 0.127 c m  (0.005 in . )  wall. They have spher ica l  
rod ends which are adjustable t o  compensate for manufacturing and i n s t a l l a -  

t i o n  tolerances.  When the  module i s  stowed each rod end nes ts  i n t o  a hemis- 

pher ica l  receptacle  machined i n t o  a t r ipod  support which is attached t o  t h e  

IMTS. 

whfch are j e t t i soned  after t h e  module has been deployed frm the Space Shut t le .  
A t r u e  framework is u t i l i z e d  t o  s t a b i l i z e  the  longi tudinal  members, 

The s t r u t s  are locked i n  t h e i r  stowed pos i t ion  by r e s t r a in ing  bands 

The pressurizat ion l i n e  has a hat-section configuration external  t o  the module. 
b 
I 

I t  incorporates a chicksan ewival j o i n t  at each end and has a s l i d i n g  seal 

at its forward end t o  accommodate the 17.8 cm ( 7  i n . )  r e l a t i v e  motion between 
t h e  tank end t h e  l i ne .  Two gimbal j o i n t s  are i n s t a l l e d  between t h e  dome e x i t  
and t he  l i n e  penetrat ion of the IMTS. In  its stowed pos i t ion  the  l i n e  i s  
routed tangent t o  t h e  IMTS and adjacent t o  one point of the star fold. 

has a motor dr ive  end is rotated approximately 1.92 rad (110 degrees) after 
deployment of the  s t a b i l i z a t i o n  system. 

It 

A weight statement for the  s t r u c t u r a l  subsystem of a s ing le  propellant module 

is presented i n  Table 2.3-1. 
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Table 2.3-1 

STRUCTURAL WEIGHT 

Propellant Tank As s emb l y  

Tank 
Liner 

Forward Intermodular Thrust S t ruc ture  
A f t  Intennodular Thrust S t ruc ture  
A n t i - S l O E h  Baffles 
Equipment Support S t ruc ture  
Access 
S tab i l i za t ion  System St ruc ture  

Total  (Including 130 kg (290 l b )  Contingency) 
Less J e t t i s o n  of StEbiliZatiOn System Structure 

Total Operational Weight 

WEIGHT kg. (LB) 

940 (2,070) 

105 

105 
70 
50 
25 

380 

1,805 

1,425 

- 
380 - 

(60) 

( 835 

Future Work 

Design of t h e  base l ine  configuration w i l l  continue through the next report 
period. 

t i o n  aubsystem design. 
t h e  second stage cure w i l l  be generated f o r  t h e  s t a b i l i z a t i o n  subsystem. 
configuration of t he  dome pole t r a n s i t i o n  region w i l l  be defined i n  greater 
detail and the method of accommodating r e l a t i v e  motion between t h e  pressuriza- 
t i o n  l i n e  and the  tank w i l l  be reviewed. 

Pa r t i cu la r  a t t en t ion  w i l l  be given t o  t he  thermal/meteoroid protec- 
Additional detail and induced loads r e su l t i ng  -om 

The 
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Section 3 

TASK 3 -- MANUFACTURING FEASIBILITY AND COST ASSESSMENT 

T h i s  t a s k  w m  i n i t i a t e d  during t h e  past  quarter.  

3.1 MANUFACTURING FEASIBILITY ASSESSMENT 

The manufacturing approach t o  f ab r i ca t e  t h e  RNS propellnnt module is 

given below: 

1. U t i l i z e  s ta te-of- the-ar t  wherever p rac t i ca l .  

2. The proposed vehicle  w i l l  mirror t h e  mandrel. 
Consequently, t he  mandrel qua l i ty  and alignment will b e  a 
paramount manufacturing consideration, 

3. A l l  module "hardpointsy alignment and s t r u c t u r a l  index poin ts ,  f i t t i n g s  
and flanges w i l l  be located on t h e  mandrel. 

4. Provide adequate and va l id  vehicle  i n t e g r i t y  test procedures 

throughout t h e  manufacturing cycle. 

A conceptual schematic of t h e  module is shown i n  Figure 3.1-1. 

3.1.1 Tooling 

The philosophy conceived for the manufacture of t h e  mandrel WRS determined 

by the manufacturing flow plan and the  processes required t o  f ab r i ca t e  

t h e  proposed vehicle.  The mandrel for  the  manufacture of t he  p r o p s e d  
vehicle  should have t h e  following cha rac t e r i s t i c s :  

1. Semi-rigid 
2. Dis-mantling capabi l i ty  
3, Expansion capabi l i ty  

4. 
5. Maintain vehicle  o r i en ta t ion  and alignment during the 

Ingress and egress of personnel and equipment 

manufacturing process 
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Conaidering these requirements, two mandresl are present ly  being considered. 

A descr ip t ion  of each of these mandresl is given i n  t h e  following sect ions.  

3.1.1.1 Mandrel Option 1 

This mandrel i s  depicted i n  Figure 3.1-2. It is a semi-rigid, i n f l a t a b l e  
and segmented mandrel w i t h  t h e  following major components: 

1. Spindle 

2. Tank Body Segments 

3. Dome Gore Segments 

4. In te rna l  Spokes 

5. I n f l a t a b l e  Seal 

6. I n f l a t a b l e  Bag 

A brief descr ip t ion  of each o f  t h e  above noted components is described 

i i n  t h e  following sec t ions  under t h e i r  individual  headings. 

gpindle 

The spindle  i s  a l ightweight dual walled meta l l i c  s t ruc tu re  reinforced 
with longi tudina l ly  or ien ted  corrugations and polyurethane foam f i l l ed .  

The spindle  w i l l  have an i n t e r n a l  w a l l  opening of  approximately th i r ty - s ix  

inches which w i l l  allow f o r  ingress and egress. The outer  diameter of 
the sp indle  is approximately forty-eight inches and the overa l l  length is 

approximately thirty-two feet long. 

Tank Body 8eep~ents 

The tank body segments are fabricated from a wire mesh impregnated w i t h  

a semi-rigid rubber. 
capabi l i ty  with the  adjacent segments. 
are indexed t o  t h e  spindle  w i t h  spokea. 

Each of  t h e  tank segments w i l l  have inter locking 
These panels are held r i g i d  and 
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Dome Gore Segments 

The hemispherical domes of t h e  mandrel cons is t  of 20 gore segments. The 

manufacturing mode conceived f o r  the gore segments i s  as follows: 

1. Fabricate  trusses from thin-wal led tubing. These t ru s ses  

w i l l  be fabr ica ted  t o  t h e  shape of t h e  gore segment, 

2. Heinforce t h e  t rus ses  w i t h  polyurethane foam. 

Each of t h e  fabr ica ted  gores w i l l  have in te r locking  capab i l i t y  and 

the  final. gore segment w i l l  be a "keystone" capabi l i ty  fo r  assembly and 
dismantling purposes. 

I n t e r n a l  Spokes 

The i n t e r n a l  Spoke8 w i l l  be l ight-wal l  tubing and w i l l  be f i l l e d  w i t h  

urethane foam. 

and alignment. 

Inflatable Seals 

I?ie i n f l a t a b l e  seals are loca ted  between t h e  tank body segment ends and 
t h e  gore equator ia l  plane ends. These seals w i l l  be used t o  r i g i d i z e  t h e  

mandrel. 

The spokes w i l l  a id  t h e  mandrel i n  maintaining concentr ic i ty  

I 

In f l a t ab le  Bag 

The i n f l a t a b l e  bag goes over  t h e  gore segments and tank segments of t h e  

mandrel. 
over t h e  m a n d r e l .  
w i l l  be fabr ica ted  from a s i l i c o n e  rubber impregnated w i r e  mesh w i t h  

t he  ou te r  sur face  metall ized. 

The bag may be segmented i n t o  two o r  more segments f o r  i n s t a l l a t i o n  
The bag w i l l  be capable of holding 5 psi. The bag 
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Mandrel Assembly 

The dome gore segments and tank body segments are ind iv idua l ly  i n s t a l l e d ,  
inter locked,  end spoked i n t o  pos i t ion  on the  spindal.  After a l l  segments 
a r e  i n s t a l l e d ,  i n f l a t a b l e  seals loca ted  circumferent ia l ly  between t h e  

dome and tank body par t ing  planes are in f l a t ed .  
i s  then posi t ioned on the  mandrel and leak checked. The mandrel i s  now 

ready for app l i ca t ion  of  t h e  pa r t ing  agent.  

The outer  i n f l a t a b l e  bag 

Mandrel. Dismantling 

The mandrel is dismantled i n  t he  same manner and i n  t h e  same sequence 

employed during ascsembly. 

3.1.1.2 Mandrel Option 2 

Figure 3.1-3 depic ts  the second opt ion  for t h e  mandrel. "he p r inc ip l e  
difference frm Option 1 i s  the  omission of  t h e  inf la table  bag and t h e  

addi t ion  of mechanically expanding r i n g  mandrels loca ted  in s ide  t h e  mandrel 
a t  t h e  dome and tank body equator ia l  planes. 

allow expansion of  t h e  mandrel during the  manufacturing process. 

i 

These r i n g  mandrels w i l l  

3.1.2 Manufacturing Plan 

The preliminary manufacturing plan is depicted i n  Figure 3.1-4 and a 

descr ip t ive  na r ra t ive  of each of  t h e  pos i t ions  i s  described by pos i t ion  

number. 

Pos i t ion  #1 

Posi t ion  t h e  mandrel on a power operated r o t i s e i e r e  type dolly.  

t h e  mandrel and d o l l y  t o  an environmentally cont ro l led  area and apply 
a part ing agent on the  mandrel. 

T r a n ~ p o r t  
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Apply 0.038 mm thickness of polyurethane polymeric elastomer over the  

ent i re  sur face  o f  t h e  mandrel i n  an environmentally cont ro l led  area 

and cure. 

Poeition #3 

Place the mandrel i n t o  u vacuum chamber and vapor deposi t  600 A of n i cke l  

on t h e  surface.  

0 

NOTE: Repeat pos i t ions  #2 and d 3  u n t i l  t h e  des i red  liner thickness 

i s  at ta ined.  

Posi t ion #4 

Locate a l l  atach f i t t i n g s ,  f langes,  and jamb openings pe r  too l ing  
loca to r s  (Figure 3.1-5). The f i t t i n g s  w i l l  be  matched t o  t h e  
previously sprayed and vapor deposited l i n e r  by applying a coat ing of  

polyurethane polymeric elastomer on t h e  mating faces of t h e  fittings 
and t h e  l i n e r .  The f i t t i n g  is then f loa t ed  i n t o  pos i t ion  and secured per 

too l ing  loca tors .  The  spray techniques described i n  Posi t ions 12 and S3 
are then repeated. 'l'he spray operat ion will continue u n t i l  the des i red  

thicknese is achieved. 

Pos i t i on  #5  

The l i n e r  is leak tested by one of three proposed methods; pressure decry., 

t r a c e r  gas probe o r  thermistor  probe. 

Posi t ion #6 

Wet lay-up t h e  forward and aft domes on a female mold and then index t h e  

molds t o  t h e  mandrel per  t oo l ing  points.  The mandrel is then placed i n t o  
an oven and t h e  domes a r e  semi-cured (approximately 25%). The semi-cured 
condition is  described ae having developed rrtrength and r i g l d i t y  to  prevent 

any delamination during riubiaeqiierrt atepH. 
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Posi t ion #7 

Stre tch  two previously woven longi tudinal ly  or ien ted  fi lament socks over 

t h e  mandrel. 

filament sock8 over t h e  previously i n s t a l l e d  longi tudina l  socks e Ttie 

socks w i l l  be impregnated w i t h  t h e  r e s i n  one a t  a t i m e  as they are i n s t a l l e d ,  

S t r e t ch  four previously woven circumferent ia l ly  or ien ted  

Posi t ion #B 

The tank lay-up i s  then placed i n t o  an  oven and cured a t  approximately 
120'F. Upon completion of t h i s  cure cycle,  t h e  dome ends are f u l l y  cured 
and t h e  tank body is  i n  a 1st s t e p  cure condition. During t h e  cure cycle 
t h e  mandrel is  expanded a predetermined amount t o  tension t h e  f i laments .  

Upon completion of  t h i s  cure cycle ,  gradient  cures may be accomplished by 
i n i t i a t i n g  heat ing elements i n  se lec ted  areas. 

Posi t ion #9 

I n s t a l l  the intermodular t h r u s t  s t ruc tu res  (a subsystem flow plan i s  shown 
on Figure 3.1-6). 
level feasible .  Perform a preliminary proof and leak test  ( re ference  

product acceptance tes t  p lan) .  

i 

I n s t a l l  piping and e l e c t r i c a l  equipment t o  t h e  highest  

Position #lo 

I n s t a l l  previously manufactured high performance insu la t ion  blankets and 

secure them t o  t h e  tankage s t ruc tu re .  

Pos i t ion  #11 

I n s t a l l  the flex foam meteoroid pro tec t ion  system and a t tach  it t o  t h e  
tankage s t ruc ture .  

Pos i t ion  #12 

I n e t a l l  the previously manufactured and sub-assembled external. s toving 
mechanism p e r  previously located s t r u c t u r a l  f i t t i n g s .  
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‘1 
Poeition #13 

l)isassemble t h e  mandrel and remove f r o m  the  tank s t ruc tu re .  

Posi t ion #14 

Complete t h e  i n s t a l l a t i o n  of the piping and e l e c t r i c a l ,  i n s t a l l  all intern&. 

mareme, f i t t i n g s ,  e tc .  I n s t a l l  sump. Mate the  assembly t o  t h e  m a s t  
module simulator and complete in tegra t ion .  Leak and pressure check 

completed vehicle.  

Posi t ion #15 

I n s t a l l  t h e  star configured i n t e r n a l  s toving too l .  Actuate t h e  ex terna l  
longi tudinal  stovlng membere individual ly  and then r e s t r a i n  w i t h  straps. 

The external  stoving ac tua t ing  cables are i n s t a l l e d  and the in t e rna l  stoving 

tool is  removed. 

Posi t ion #16 

t Weigh and establish t h e  center-of-gravity. The stowed module i s  then placed 

in to  a Shipping container tha t  w i l l  have purging capabi l i ty ,  sealed and 

shipped t o  t h e  launch site. 

Posi t ion #17 

The vehicle i s  placed i n t o  the  cargo b q  of the space s h u t t l e  o r b i t e r  and 

launched i n t o  space. 

Posit ion #lS 

I n  space, t h e  vehicle  i s  deployed, the s t o d n g  mechanism is ro ta ted  

outward and then t h e  vehicle  i s  i n f l a t e d  to s ize .  

Posi t ion #19 

The f i n a l  cure of t h e  tank body matrix is accomplished by i n i t i a t i n g  the 

heating elements previously i n s t a l l e d  i n  t h e  tank by an auxi l ia ry  
power source from a support vehicle. 
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Future Work 

Mandrel aeseaement w i l l  be performed 

mothod of tensioning t h e  re inforc ing  

t o  determine t h e  most promising 

f i b e r s  during first s t e p  cure. 

Methods of f ab r i ca t ing  and i n s t a l l i n g  t h e  thermal./meteoroid protect ion 
subsyetem w i l l  be inves t iga ted  and flow plane of the se l ec t ed  methods 

generated. The fab r i ca t ion  process, mode of attachment and operat ion 

of the etoving mechanism w i 3 . 1  be determined. 
for a temporary i n t e r n a l  s toving too l  w i l l  be invest igated.  

I n  addi t ion,  t h e  requirement 
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3.1.3 Inspect ion and Tes t ing  

The complex ground and ea r th  o r b i t  fabr ica t ion  procedures proposed f o r  t h e  

propel lant  tanks places  unusual requirements on t h e  nondestructive inspect ion 

of t h e  tanks. The f i n a l  cure o f  t h e  tanks i n  e a r t h  o r b i t  requi res  a high 
confidence i n  t h e  prelaunch f ab r i ca t ion  and acceptance test procedures. 
The obgective o f  t h e  propel lant  tank acceptance tes t  program i s  t o  ensure 
t h e  uniformity and usabili t ;y of t h e  f i n a l  product by providing de ta i l ed  
information during t h e  i n i t i a l  manufacturing processes,  p r io r  to  launch, 
and again af ter  cure i n  space. 

The tank acceptance tes t  program may be  divided i n t o  four main  phases, 
manufacturing, prelaunch, deployment and reuse,  each having d i f f e ren t  

ob jec t ives  ( T a b l e  3 . 1 4 ) .  
take place i n  ea r th  o r b i t .  The e a r t h  o r b i t  t e s t i n g  w i l l  be conducted 
without t h e  m e  of my extra-vehicular a c t i v i t y  ( E V A ) .  

The f i n a l  acceptance t e s t i n g  o f  t h e  tank w i l l  

PROPELLANT TANK ACCEPTANCE "EST PROGRAM 

Phase 

Manufacturing 

Pr  e -Lauric h 

Deployment 

Reus e 

Description 

Acceptance after s p e c i f i c  f ab r i ca t ion  
s t eps  up t o  the  folding operat ion 

Acceptance of folded tank f o r  launch 

Acceptance of f u l l y  cured tank i n  o r b i t  
( p a r t i c u l a r l y  leak and proof t e s t i n g )  

Monitoring of  tank reeponee during use 
and q u a l i f i c a t i o n  of tank p r i o r  t o  
each miasion 
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An acceptance tes t  program must first address i t s e l f  t o  i den t i fy ing  the 

defects t h a t  can cause t h e  f a i l u r e  of a vehicle .  After t h e  defec t  i s  
iden t i f i ed ,  nondestructive techniques can be appl ied f o r  i t s  detect ion.  
A number of nondeetructive t e s t i n g  techniques are considered for t h e  

de tec t ion  of each defec t  of interest. The techniques considered are 

drawn from both t h e  current  state-of-the-art  and new technology requi r ing  
m t h e r  development. 
t o  t h e  defec t  of i n t e r e s t ,  a p p l i c a b t l i t y  t o  t h e  unique configurat ion,  
eaae of operat ion,  and remote sensing c a p a b i l i t i e s  for  space t e s t ing .  

Technique s e l e c t i o n  w i l l  be  based upon s e n s i t i v i t y  

The coat e f fec t iveness  of suggestive NDT techniques m u s t  be considered. 

'I'echniques which requi re  e labora te  too l ing  o r  cause s i g n i f i c a n t  manufacturing 

per turbat ions must be j u s t i f i e d  on the  basis of t h e  usefhlness o f  t h e  

data.  I t  i s  equal ly  important t o  maintain t h e  f l e x i b i l i t y  o f  modifying the  

manufacturing procedures where a s i g n i f i c a n t  amount of  data, ease of  
gather ing data, or an otherwise not obtainable  but  necessary piece of 

data can be obtained. > 

Although all portions of t h e  propel lant  tanks are v i t a l  t o  i t s  operat ion,  

t h e  p r inc ipa l  areas o f  concern f o r  t h i s  d iscussion are t h e  s t r u c t u r a l  
i n t e g r i t y  and uniformity of t h e  tank, leak  i n t e g r i t y  o f  t he  l i n e r ,  and 
uniformity of t h e  thermal in su la t ion  system. I n  addi t ion  t o  these areas 
of inspect ion,  it w i l l  be necessary t o  monitor material changes occurring 
during use t o  p red ic t  i nc ip i en t  f a i lu re .  

3.1.3.1 Manufacturing Acceptance Testing 

Several  manufacturing steps (Table 3.1-2) are considered as major 

milestones i n  t h e  tank f ab r i ca t ion  procedure, and are se l ec t ed  as l o g i c a l  
points  f o r  incorporat ing the  NDT inspec t ion  program. It w i l l  b e  assumed 

t h a t  all precursor materials f o r  t h e  tank  f ab r i ca t ion  have undergone a 

thorough inspect ion program. 
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Liner Fabricat ion 

After  each deposi t ion o f  polyurethane and n icke l ,  a thickness check w i l l  be 

conducted t o  e s t a b l i s h  that the indiv idua l  l aye r  thicknesses are within 

tolerance.  

for t h e  polyurethane and e l e c t r i c a l  r e s i s t ance  measurements fo r  t h e  

nickel  e 

The methods considered f o r  these inspect ions are eddy current  

The eddy cur ren t  technique is  based on probe l i f t o f f  due t o  the thickness  

of  the  nonconductive l a y e r  over a conducting subs t r a t e  ( R e f .  3.1). 
E lec t r i ca l  r e s i s t ance  measurements between two kni fe  edge contacts are 

aur ren t ly  being used as an acceptance procedure fo r  vapor deposited 
me ta l l i c  coatings.  However, if close n icke l  l a y e r  tolerances are reqtrired, 
o ther  techniques having g r e a t e r  s e n s i t i v i t y  may b e  required. Although 
these  methods a r e  planned f o r  only spot check purposes they can be  
automated . 
With t h e  completed l i n e r  deposited on t h e  mandrel it i s  des i r ab le  t o  
perform an i n i t i a l  l eak  test .  The acceptance leak  to le rance  l e v e l s  w i l l  

b e  determined by o v e r a l l  mission requirements and development testing. ' 
A number of f eas ib l e  leak test  procedures and techniques a r e  b r i e f l y  

discussed in t h e  following paragraphs. 

5 

I t  is  necessary t o  d i s t ingu i sh  between t h e  permeation leak r a t e  arid a 

leak through a pinhole defect.  l'he permeation leak i s  a d i f fuse  process 
which cannot be Located by current  s t a t e - o f  -tho-art techniques and 
can only be quan t i t a t ive ly  determined through a t o t a l  tank leak r a t e  

method. 'l'he pinhole i s  a s ingular  defec t  causing flow conditions 
around i tself  and may be detected by scanning o r  o the r  i s o l a t i o n  methods. 
The approach has therefore  been def ined t o  f i r s t  determine an overa l l  
i n t e g r a l  tank l eak  rate followed by i s o l a t i o n  methods t o  l o c a t e  any s ing le  

out  of to le rance  leak.  "his approach w i l l  provide maximum assurance 
t h a t  r e p a i r  can b e  accomplished i n  the  most favorable  manufacturing poeItion. 
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Leak t e s t e  must be performed on t h e  mandrel-liner combination because 

the elastomeric l i n e r  is not self supporting. 

by se l ec t ing  t h e  mandrel release agent so t h a t  upon s l i g h t  heat ing it 

would outgae s u f f i c i e n t l y  t o  provide an adequate d i f fe ren t ia l  pressure 
fo r  t e s t ing .  Ifowever, t h i s  approach would require  allowing t h e  liner 
t o  expand unrestrained away from t h e  mandrel. 
method undesirable. 

Leak t e s t i n g  may be poss ib le  

This may m a k e  the 

An a l t e r n a t e  approach providing continuous support f o r  t he  l i n e r  i s  

t h a t  of conetruating the mandrel from a permeable material which would 

s t i l l  provide the  desired surface f i n i s h  f o r  t h e  polyurethane. The 
pressure can be obtained by e i t h e r  pu l l i ng  a p a r t i a l  vacuum on t h e  in s ide  
of t h e  mandrel, applying pressure from t h e  outs ide,  o r  a combination 

of t he  two. 

co l lec t ing  t h e  gas o r  applying pressure. 

The mandrel w i l l  be  surrounded by a s u i t a b l e  bag f o r  

The test  gas f o r  t he  t o t a l  i n t e g r a l  leak rate test can be helium o r  gases 

containing sulphur d i f luor ide ,  o r  radioact ive t r ace r s .  If t h i s  rate is  

not within tolerances,  a second test t o  scan t h e  ex te r io r  surface o f  

the  l i n e r  can be conducted. 
devices are not p rac t i ca l  here s ince  they would require i n t e r n a l  

pressurizat ion and access t o  t h e  l i n e r .  

i 

Current t r a c e r  gas methods using gathering 

A new method current ly  under development a t  MDAC under Contract NAS~-10184 
e n t i t l e d  "Study of Damage Control Systems for  Space Stat ion" poten t ia l ly  
could provide an accurate  means f o r  inspection. This method uses a device 

which operates by detect ing choke flow conditions w i t h  a thermister 

thermoconductivity c e l l  (Ref. 3.2). 

A radioact ive gas check using Krypton 85 maJr be applicable.  
can be  introduced i n  the ex te r io r  bag with a p a r t i a l  vacuum on the  i n t e r i o r  
of t h e  mandrel. The ex te r io r  bag i s  flushed and the l i n e r  scanned fo r  

tracers of the  radioact ive gas. 

Leak rate check and loca t ion  of defects m y  be po5llribl6 w i t h  LhisJ technique. 

Generally, the leak t es t  area i s  one which requires  fur ther  developmental 

s tudies .  

Krypton 85 

A poss ib i l i t y  of performing both the total 
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Dome Pole Ends 

Inspection of the  dome pole  ends can be i n i t i a t e d  after the f irst  composite 

layer is layed up on the  l i n e r  t o  ensure a lack  of unbond areas. After the  
remaining l aye r s  are 1e;yed up on t h e  l i n e r  and t h e  dome pole ends are fuply 

cured, the composite and composite-liner i n t e r f ace  should be inspected. 
A number of techniques f o r  these inspect ion are= are discussed below. 

Ultraeonic snd r a d i o p a p h i c  methods have been uaed at  MDAC t o  detect 

compoeite defects, porosi ty ,  and delaminations. (References 3.3 and 3.4). 
Basically the u l t rasonic  technique relies on introducing an ul t rasonic  
pulse i n t o  a composite and measuring i t s  loss of amplitude (a t tenuat ion)  
o r  t he  delay time (ve loc i ty ) .  

composites by both these methods (Figure 3.1-7). 
method would be applied t o  t h e  tank composite so tha t  only s ing le  sur face  
access would bo necessary. %'he radiographic technique could be accomplished 
by using a gamma ray source on the  i n t e r i o r  of t h e  mandrel and placing the  

recording f i l m  on the  outs ide  surface.  While the radiographic technique 
is rout ine,  further development would be required f o r  t he  u l t r a son ic  pulse 
echo method of obta in  t h e  desired s e n s i t i v i t i e s .  

Porosity has been detected i n  unid i rec t iona l  
An ul t rasonic  pulse echo 

Inf2-a-red radiometry is e po ten t i a l  technique f o r  de tec t ing  composite 
defects  and lack of in t e r f ace  bond. 
epecimen which has been heated above ambient (AT of 4' t o  8OF) material 

i n t e g r i t y  may be monitored. The thermal input  could be achieved from the  

ex ter ior  sur face  o r  by a m d l  heat source i n t e r n a l  t o  t h e  mandrel. The 

thermal technique may have l imited s e n s i t i v i t i e s  due t o  t h e  heterogeneous 
nature o f  t h e  composite. 

By observing hea t  flow pa t te rns  in t h e  

A more promising technique which has been applied t o  pressure vessels  is 
that  of in te r fe rometr ic  holography (References 3.5 and 3.6). 
technique compares two three-dimensional images o f  a specimen which are 
recorded under two d i f f e ren t  l e v e l s  of applied stress. 

differences i n  the  dimensions of t h e  t e s t  objec t  are visualized i n  the 

form of an in te r fe rence  f r inge  pa t te rn ,  t h e  character  of which is influenced 

by the  i n t e g r i t y  of t h e  specimen. 

This 

The r e su l t i ng  

( 

The aimpleat s t r e s s i n g  technique 
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rnay be hea t ing  t h e  specimen approximately 5OF above ambient. 
of a me ta l l i c  pressure vesse l  containing a f low is shown i n  Figure 3.1-8, 

A hologram 

Longitudinal Sock 

The i n t e r f a c i a l  bond between t h e  flrst longi tudina l  sock and t h e  l i n e r  m u s t  
be inspected t o  ensure lack of unbonded areas. As i n  t h e  previous inspeet ion,  
i n t e r  f erometri c holography and i nf ra-r ed radi ometry are pot en t i al methods 
of detec t ing  t h e  unbond. 

F i r s t  Stage Cured Sock 

With the l a s t  circumferent ia l  sock placed on t h e  tank, a f i n a l  tank inspect ion 
p r io r  t o  folding i s  necessary. Since t h e  tank is self  supporting a t  t h i s  

point ,  i n t e r n a l  pressur iza t ion  or access i s  possible .  Leak i n t e g r i t y ,  

defec ts ,  wi th in  the  composite, and lack  o f  i n t e r f a c e  bond a r e  the important 
conditions t o  be detected.  The NDT techniques previously described 

for t h e  composite defec t  and l ack  of i n t e r f a c e  bond de tec t ion  can again 

be appl ied f o r  t h e  inspec t ions  (Table 3.1-2). 
i 

T o t a l  I n t e g r a l  leak rates can be obtained by the same techniques and 
procedures 88 used for t h e  i n i t i a l  l i n e r  inspection. Since t h e  tank 

is now self supporting, i n t e r n a l  pressur iza t ion  procedures are probably 
more a t t r a c t i v e .  The detec t ion  techniques may be t h e  same as described 
for t h o  l i n e r  tests. 

With t h e  composite system over  t h e  l i n e r ,  any leak i n  t h e  l i n e r  w i l l  be 

d i f f i c u l t  t o  de t ec t  due t o  i t a  d i f fuse  na ture  at the e x t e r i o r  surface.  

To obta in  information on composite proper t ies ,  a sample which had been 

processed along wi th  the tank should be cured and des t ruc t ive ly  tested. 

Although t h i s  does not qualify the  tank, it w i l l  provide data which would 
ind ica t e  proper processing procedures, 
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UNFLAWED FLAWED 

Figure 3.1-8 HOLOGWHIC INSPECTIOH OF 15  em TITANIUM PRESSURE VESSEL 

AP = 2-76 x lo5 N/m2 (40 p s i )  



'1, 
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An i n i t i a l  proof test  of the first 

t o  ensure t h a t  t he  tank is capable 
required f o r  deployment i n  o r b i t  . 

s t age  cuted tank w i l l  b e  conducted 

of sus ta in ing  t h e  i n f l a t i o n  pressures 

T h i s  test  w i l l  a l s o  provide assurance 
t h a t  t h e  i n t e r n a l  tank, purge, s torage  and shipping pressures a r e  within 
safe ty  l imi ta t ions .  This proof test i s  not intended as a f i n a l  s t r u c t u r a l  

t e e t ,  s ince  t h i s  can only bo accomplished when t h e  tank is fully cured i n  
earth o rb i t .  

I n e t a l l a t i o n  of HPI 

The defect8 t h a t  mey be introduced i n t o  the HPI system during i n s t a l l a t i o n  
are tears, loss of m e t a l  coating, excessive compression, and separat ion of 

bu t t  jo in ts .  A technique which appears appl icable  f o r  inspect ing HPI 

i s  an induction coil  technique (Reference 3.7). 
at MDAC employs an induction c o i l  held i n  proximity t o  t h e  in s t a l l a t ion .  
The c o i l  impedance i s  sens i t i ve  t o  t h e  physical condition of t h e  in su la t ion  

system. 

This technique developed 

After the  HPI i s  i n s t a l l e d ,  v i sua l  and induction c o i l  inspect ion 

f procedures can be used t o  ensure t h e  absence of any defects.  The inspection 

could be accomplished by using addi t iona l  f i x tu r ing  which would allow scanning 

of t h e  e n t i r e  insu la ted  surface of t h e  tank. 

3.1.3.2 Pre-Launch Acceptance 

The prelaunch inspection procedures are t o  qua l i fy  t h e  folded tank for  Space 

Shut t le  launch. 
composite i n t e r f ace  and cracking of  t h e  n icke l  layers at t h e  sharp bend 

radii. Crushing of t h e  HPI insu la t ion  a t  these points  i s  a l s o  possible.  
Assuming in t e rna l  access t o  t h e  folded tank, holographic and in f ra red  radiometric 
techniques may be applied to the  l o c a l  bend areas f o r  detect ion of i n t e r f ace  

unbonds. 
l aye r  d i scont inui t ies  (cracks) .  The HPI system could conceivably be 

inspected f o r  open b u t t  j o in t s ,  tears and l aye r  densi ty  anomalies i n  the 

folded condition by the induction c o i l  technique. 

probably be conducted from the  ex te r io r  surface through the, foam layer.  

Folding o f  t h e  tank may cause separat ing a t  t h e  l i n e r  

Eddy current  methods could be applied t o  t h e  detect ion o f  nickel  

This inspection can 
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3.1.3.3 Final Module Acceptance 

After the  tank has been put i n t o  earth o r b i t ,  deployed, and cured, t h e  

operat ional  leak and proof tests m u s t  be conducted and monitored t o  

tank i n t e g r i t y .  
is a pressure decay method using hydrogen gas. 
the leak rate tolerances,  probe scanning t o  l o c a t e  the  leak and r epa i r  
procedures from within t h e  tank may be i n i t i a t e d .  

and r epa i r  procedures would requi re  EVA. 

The most feasible l eak  test  procedure i n  earth o r b i t  

If the tank does not meet 

However, these t e s t s  

A proof test at  l i q u i d  hydrogen temperatures to  a predetermined level 
above t h e  operat ing pressure w i l l  be  conducted and monitored by onboard 

S8Il8OI'B. These sensors may include u l t rasonic  transducers f o r  acoust ic  
emission monitoring and s t r a i n  gages f o r  s t r a i n  measurements. The loca t ion  

of these  aensoru must be selected so a8 t o  provide adequate coverage of 
the e n t i r e  tank. 

rurface at  the  first stcrge cure manufacturlng.pos1tion ( p r i o r  t o  launch).  

The sensors would be i n a t a l l a d  d i r e c t l y  on the composite 

Acoustic emission from the  stress wave produced in materials by t h e  energy 
released as t h e  specimen deforms or f rac tures  can be used t o  pred ic t  tank 

failure (References 3.8 and 3.9). 
response i n  tension is  shown i n  Figure 3.1-9. Anticipating fu ture  

research on acoust ic  emission proper t ies  of composites, the  proof t es t  

emissions may be related t o  f i b e r  ar matrix f ractur ing.  This information 
along w i t h  t h e  s t r a i n  measurements m a ~ r  provide a means of  predict ing 

ultimate tank s t rength  and reuae l ife.  

A t yp ica l  composite acoust ic  emission 

Inuorporating a number of f i n e  metal wires i n t o  the  precursor unidirect iond.  
composites may provide 8 meam of de tec t ing  fiber breakage and crack growth 

i n  spec i f i c  areas of the  tank. Changes i n  e l e c t r i c a l  res i s tance  of t h e  

wire might be a measure of s t r a i n ,  and lOS8 of e l e c t r i c d  cont inui ty  would 

ind ica te  breakage. 

. 
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counts 

Load ---9 

Figure 3.1-9 TYPICAL ACOUSTIC EMISSION RESPONSE OF 
CARBONICARBON COMPOSITE I N  TENSILE TEST j 

The u l t rasonic  transdueerr can be used i n  an ac t ive  mode t o  generate 

u l t r a son ic  s igna l s  which can be used t o  measure u l t r a son ic  ve loc i ty  and 
attenuation. This information can be indica t ive  of the  cured composite 

uniformity as previously discuesed. 

may be cor re la ted  t o  a composite response property o r  be used t o  pred ic t  
reuse propert ies .  For example, t he  u l t r a son ic  propert ies  of a composite 
under stress may be related t o  a quan t i t a t ive  amount of material damage 

which would reduce fu tu re  propert ies  of t he  composite. Preliminary work 
i n  t h e  area of measuring material damage i n  composites by NDT methods 
has been done at MDAC (Reference 3.10). 
assessment program was t h e  cor re la t ion  ob res idua l  compressive s t rength  

t o  u l t rasonic  a t tenuat ion  of a plate-s lap tested composite (Figure 3.1-10) 

Measurements made during t h e  proof test  

One aspect of t h i s  damage 
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A t  t enuat ion , Po8 t -Tea t (“a) Attenuation, Pre-Tent 

Figure 3.1-10 CORRELATION BETWEEN STRENGTH AND ATllENUATION FOR 
PLATE-SW TESTED C0MPOSI”S 

3.1.3.4 Reuse Qua3.ification 

The onboard sensors used during f i n a l  proof t e s t  procedures can be u t i l i z e d  

t o  monitor tank response during t h e  mission and f o r  reuse qua l i f i ca t ion .  

Cyclic thermal and s t r u c t u r a l  loads i n  a space environment may produce 
again mechanism in t h e  composite s y s t  which may alter t h e  physical 

p roper t ies  of t h e  composite. 

property,  a t r a i n ,  and crack meseuring s e ~ l o r s .  aontinuous data acqu i s i t i on  

is posrible .  

and material proper t ies  of t h e  tank which can then be used f o r  t h e  design 

of m t u r e  propel lan t  tanks. 

By using t h e  acoust ic  emleslon, u l t r a son ic  

The information obtained ms;y p r w l d e  ins ight8  i n t o  design 
i 
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3el.3.5 Fut 

yses w i l l  be continued t 

From these options,  a b 

on a ~ ~ ~ t i ~ i ~ y  t o  the defect 

3,2 COST ANALYSIS 

3.2e1 

The analyses performed i n  support of cost  sostirncati falls i n t o  two 

, The first i a  a detailed evaluation associated with 
loping and producing the expand l e  propellant module 

hasis placed on the  unique structural subsyst 

1 ony is that associated with a s y s t  

ctivenese of the adv e RMS concept, In per 
ound rules w i l l  be imposed, 

4, Each module o f  the advanced RHS will b 

for 18 missions. 

53 w i l l  interface with the space shutt le  for transportation 

t o  earth orbit nd a space tug with a s ~ e  By support pro.visioms 

~ O P  Okbiteil SUPPOX%. 

3 -30 



The 
HNS 

elements fo r  t h e  work breakdown s t r u c t u r e  associated with the  advanced 

are i d e n t i f i e d  i n  Figure 3.2-1 and defined below: 

NSX-0 3 -0 0 -00 

The RNS-X i s  composed o f  three d i s t i n c t  modules: 
one propulsion module, one set of th ree  propel lant  
modules and one command B module. Its 

cha rac t e r i s t i ce  are: 

Thrust = 334,000 N (75,000 lbs )  

Specific Impul~ 

Propellant Capacity = 131,000 Kg (300,000 lbs  

NBX-03-01-00 PZVpUh ion Module 

Provides acce lera t ion  t o  t h e  RNS-X. It i s  iden t i ca l  t o  

Phase I11 propulsion module. It is composed of NERVA, 

propel lant  run tank, propel lant  and a s t r ion ic  controls.  
It i s  mated t o  the  f l i g h t  vehicle i n  orbit. Its 

technical  cha rac t e r i s t i c s  are: 

Dry Weight = 14,350 Kg (31,685 lbs )  including shield 

Design L i f e  - 3 years 

Operating L i f e  1 0  hrs 

O v e r a l l  Dimensions = 4.57 m die ,  x 18.3 m long 

(15 f t  x 60 ft) 

NBX-03-02 -00 Propellant Module 

LH etorage vessel. Three pmpalleant modules in tandem 

contain about 131,000 Kg (289,000 lbs )  of LH2. 

propel lant  modules employ radial expansion i n  o r b i t  t o  
establish a 7.52 m (24.6 f ' t )  d i  ter. "he propel lant  

modules are mated i n  o r b i t .  The technical cha rac t e r i s t i c s  

of  a module are: 

2 
The 



r 

_- 

b. 
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Design L i f e  3 years  

* 

Propel lant  Capacity = 43,700 Kg (gt>,400 lbs) LH,, 

Design Pressure = 20,050 N/m 
'- 

2 
(30 p s i )  

NSX-03-02-01 Struc tures  

The propel lant  tankage i s  fabr ica ted  from a Composite 

cons is t ing  of PRD-49-3 fi laments and a n  epoxy matrix, 

An impermeable l i n e r  i s  bonded t o  t h e  i n s ide  o f  t he  tank,  
The cen t r a l  port ion of t h e  domes ( sphe r i ca l  segments 
having a 4.23 m (13.8 f t )  d i  eter) a r e  r ig id i zed  on t h e  

ground. 'lke remainder of t h e  tankage is l e f t  flexible?, 

packaged i n  an 8 p i n t  star fo ld ,  and t ransported t o  
o r b i t  i n  the cargo bay of t h e  space shu t t l e .  Once i n  
orbi t  it i s  removed from the  cargo bay deployed by 
pressur iza t ion  and r ig id i zed  by heat  e 

and heat  sources a r e  provided by o r b i t a l  GSE contained 

i n  an o r b i t a l  support vehicle .  "lie propel lant  tank 

c h a r a c t e r i s t i c s  are: 

Y'he pressur iza t ion  

Dry Weight = 940 Kg (2070 lb) 

Surface Area = 407 m2 (4380 f t 2 )  

Mate ri a1 

Tank W a l l  - Fiber g lass  filaments/epoxy matrix 

composite 

Tank L i n e r  - A composite of s i x  urethane elastomer 
layers 

vacuum deposited nickel  e 

f i v e  having 600 to  1200 A O Q  

Production Experience - none 

S t a t e  of Art - Major development work is required 
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Forward Intarmodular Thrust S t ruc tu re  (FITS) 

The FITS is e cy l ind r i ca l  heat block whose function is t o  

minimize hea t  flow i n t o  t h e  tank and accommodate l oads ,  

A t  t h e  foxward end i s  an i n t e g r a l l y  machined frame with 
provisions for  mounting docking probes/drogues and 

s t r u c t u r a l  l a t ches  f o r  j o in ing  propel lant  mdules. !he  

shnica l  c h a r a c t e r i s t i c s  of  t h e  FITS are: 

Pry Weight = 105 K g  ( 2 3 0  Ib) 

Material. : 

Heat Block - Fiber  glass honeycomb sandwich 

Forward Hing - Aluminum machined frame 

A f t  Attach Ring - Fiber g l a s s  epo.xy machined 

Production Experience - moderate 

S t a t e  o f  A r t  - Within current s ta te  o f  t h e  ar t  

A f t  Intermodular Thrust Structure  (AITS) 

I d e n t i c a l  t o  FITS. 

Miscellaneous Structure  

T h i s  category includes an t i s lo sh  b a f f l e s ,  equipment 
supportn, acceBs s t r u c t u r e ,  docking, s t a b i l i z a t i o n ,  

e t c .  

Dry Weight = 650 Kg (1430 lb) 

Material. = Mainly aluminum 

Allowance for  v a r i a t i o n  i n  tankage assembly 

Weight = 130 Kg (290 lb) 
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NSX-03-02-02 

NSX-03-02-04 

NSX-03-02-05 

NS X-03 42-46 

! 

The propulsion LWd r e f l e c t  t h e  f lmct ional  subsystems 

required t o  provide: propel lant  feed, pressur iza t ion ,  
f i l l  and dra in ,  o r b i t  r e fue l  and f l i g h t  vent. The 

pressur iza t ion  l i n e  is ro ta ted  t o  i t s  operat iontd 
pos i t ion  v i a  motor dr ive.  “he remaining elements 
a re  posit ioned f o r  operat ion while on the  ground 

Weight = 210 Kg (453 l b s )  

As t r i o n i c s  

This group includes t h e  supporting avionics subsystems e 

The source of control  is i n  t he  command and control 
module. Typical of t h i s  group me instrumentation 

sensors ,  and s igna l  conditioning, remote decoders, 
and p o w e r  d i s t r i b u t i o n  networks. 

Group Weight = 75 Kg (165 l b s )  

(Not Used) 

Tooling and STE 

This category includes a l l  sub ssembly and a s s e m b l y  

tools, checkout towers and spec ia l  tes t  equipment 
required t o  support  t h e  module production e f f o r t .  
The cos t  s h a l l  r e f l e c t  a d i r e c t  estimate made by 

advance manufacturing engineering. 

E n d  ronmen t P r  ote c t  ion  

The thermal/meteoroid pro tec t ion  sybsystem consists 

of  multi-layer high performance insu la t ion ,  a blanket  

o f  f l e x i b l e  foam, and a my1 shroud o r  purge bag. 

Subsystem Weight = 1017 Kg (2,240 LbR) 

Met eoroi d 
Protect ion = 667 Kg (1.4’lU lbu) 
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PIS X-0 3 -0 2-0 7 

This e f f o r t  cons is t s  o f  mating and f i n a l  assembly of  

s t r u c t u r a l  subassemblies e i n s t a l l a t i o n  o f  d l  o t h e r  

subsystem hardware i n t o  t h e  module 

of the completed module. 

NSX-03-03-00 Command and Control Module (CCM) 

The CCM contains t h e  funct ional  subsystems providing 

e lec t r ica l .  power guidance navigation and cont ro l ,  
data management, instrumentatlon and aux i l i a ry  propulsion, 
It i s  i d e n t i c a l  t o  t h e  Phase I11 HNS CCM. 

The remaining work breakdown s t r u c t u r e  (WBS) elements w i l l  be defined a t  

a l a t e r  date. 

NSX-03-04-00 Yes t Hardware 

NSX-03-05-00 
i 

P 
T e s t  Ope rat i ons 

NSX-03-06-0O F a c i l i t i e s  

NSX43-07-00 Support Equipment (Ground & O r b i t a l  ) 

NSX-03-08-00 System Engineering and In tegra t ion  ( S E & I )  

NB X-0 3 -09 -00 Project  Management 

3.2.2 

The recur r ing  cos ts  associated w i t h  t h e  advance RNS a r e  summations of 

manufacturing labor ,  related support, r a w  materials, and purchased pa r t s  

required for  6 f l i g h t  a r t i c l e s .  
cos t s  i s  divided i n t o  two primary categories:  
r e s u l t i n g  from t h e  Phase I11 RNS study NASA Contract NAS8-24714, and 

( 2 )  use o f  detail  manufacturing plans which d 

manufacturing labor .  

The methodology used i n  evaluat ing t h e  

(1) use of ex i s t ing  data 

d t h e  required 

I 
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For the advance RNS configurat ion the  cos ts  of the  propulsion module and 
the  command and cont ro l  module f a l l  i n t o  category one. The aforementioned 
study def ine t h e  propulsion module cos t  t o  be  14.7 mi l l ion  dollars a t  

t h e  f i r s t  i m i t ,  Included are 13.0 mi l l ion  dollars f o r  t h e  NERVA engine. 
For t h e  assumed program model 6 u n i t s  are required r e s u l t i n g  i n  a t o t a l  
recurr ing cos t  of 101 mi l l i on  d o l l a r s  including sus ta in ing  engineering. 
The command and cont ro l  module first u n i t  cos t  i s  13.6 mi l l ion  do l l a r s  

w i t h  t h e  t o t d  recurring cos t  o f  162 mi l l ion  d o l l a r s  for s i  

including sus ta in ing  engineering. 

In defining t h e  recur r ing  cos t s  f o r  t h e  propel lan t  modules the  use  of‘ both 
categories  i s  invoked. A6 w a s  shown i n  Figure 3.2-1, t h e  propel lan t  
tmdule i s  made up of s t ruc tu res ,  propulsion, a s t r i o n i c s  and thermal 

protect ion subsystems as well as too l ing  and STKE, and subsystem i n s t a l l a t i o n  

and checkout. There are  3 un i t s  per  f l i g h t  vehic le  for  a t o t a l  of 18 

during the  program. The cos ts  for t h e  propulsion and a s t r ion ic s  subsystems 

were derived on  t h e  bas i s  of t he  comparable Phase 1x1 subsystems. 
‘&e results are: 

6 6 T1 ($1.0 ) Total  Recurring ($10 ) 
.- ~ 

Propulsion 0.24 5.7 

Astr ionics  0 * 34 7.9 

The remaining element of t h e  propel lant  module w i l l  be de r i  d as functions 
of detail manufacturing evaluations.  Typical o f  t h i s  process is t h e  method 

used for  evaluat ing t h e  thermal/meteoroid pro tec t ion  subsyst 
Performance Insu la t ion  (HPI. ) cons is t s  of stacked pa i r s  o f  r e f l ec t ions  (aLumi ni zed)  

mylar) and spacers  (nylon or dacron n e t )  held together by button pin 
faatenera.  A preliminary bu t  detailed f ab r i ca t ion  plan i s  presented below. 

Based on t h a t  p lan  operat ions engineering estimated t h e  t i m e  required far 

fabr ica t ion ,  and i n s t a l l a t i o n  of t he  PI. For t h e  p ropel lan t  module size 

i n  question 7.1 hrs/sq ft were required f o r  f ab r i ca t ion  and j h r / o q  f t  for 

i n s t a l l a t i o n .  The r e s u l t i n g  cost  at  t h e  f irst  u n i t  is $45>,000, During t h e  

m x t  study period t h i s  approach t o  cos t ina  w i l l  be followed i n  the  areas  of  

s t ruc tu res ,  too l ing ,  subsystems i n s t a l l a t i o n  and checkout. 
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a. 

b. 

C. 

d. 

e. 

f .  

43. 

h. 

i. 

J .  

k, 

Receive and i n s s e c t  mylar rolls, dacron r o l l s ,  Velcro loop, end. 

Velcro hook p i l e .  

Place rough trimmed inner  cover sheet on layup t o o l  and s l i m e  

Unroll one (1) dacron sheet, cut off  on f l a t  table;  hold w i t h  welaghts 

on selvage edges. 

Unroll a second dacron shee t ,  cu t  o f f ,  s tack  ori Lop of 1st sheet; 

hold with weight on selvage edaes. 

Unroli  one (1) 4vlar  shee t ,  cut o f f ,  s tack  cn dacron sheets. 

Center mylar terqlate on stack. 

Emd punch g romet  holes. 

terminations. 

Remove mylar t enpla te .  

trimmed edge by and using an Zxacto knife.  

Nove s tack  of 2 dacron and one n y l s r ,  el l@ using s tuds  on l e p p  tool. 

(on top of previously located inner  cover sheet);  overlap and t ape  

down outer  edges a t  contour s l i t  cu ts .  

Repeat ( c )  - ( h )  t h i r t e e n  more times ( t o t a l  of fourteen times) 

a l t e r n a t i n g  contour cu t  pa t te rns  f ro= l aye r  t o  layer. 

L a s t  set of mylar/dacron w i l l  be 2 dacron, one q v l a r ,  and 2 decron 

t o  take care  of e x t r a  layer  of dncro-il on top  - sarce operations as 

( f )  - (h). 
Locate outer  cover sheet on t o p  of stack on layup t o o l  using aligning 

Rough t r i m  using an Exacto knife. 

ApFly re inforc ing  tape  t o  contour cu t  

!4a;ke contour cu ts  from tape  spot t o  rough 

Remove tape.  

holes. Tape outer  edges i n  place. 
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? 1. Apply 3/6”  spacers  and female ter?.plste onto t h e  male contour layup 

t o o l .  

m. Receive and insgect  bu t tons ,  washers and grommets. 

n. Push hollow neeiLle through guide (sl ip-bushing) of apply t e n p l a t e ,  

blanket ,  and i n t o  foam backing block (prevents forcing layers  i n t o  

holes of layup tool). 

0. Remove foan backing block. 

p.  Inser t  button p in  i n t o  blanket using t h e  needle as a guide. Remove 

s l i p  bushing - snap on button ca?, cut off  button excess shank, hect 

seal but ton using a modified solder ing gun. 

Repeat ( n )  - ( p )  f o r  a l l  buttoa locat ions.  9. 

r. Remove fena le  apply tenpla te .  

s. I n s e r t  contoured cu t t i ng  surfaces  between blanket inner  cover and 

layup tool .  

F ina l  t r i m  edges using 4 ind iv idua l  contoured edge trim t o o l s  (1 f o r  
I 

t. 

each edge) indexed t o  layup too l .  

u. L i f t  edces, insert g r o m c t s ,  and snap on washers - 6 places .  

v. Locate and apply Velcro t ape  on ex te rna l  surface of trimmed blanket- 

hand layout.  

w.  Locate and apply Velcro t o  i n t e r n a l  surface of blanket - lift edge of 

blanket ,  l oca t e  Velcro by marks 03 EF1 t o o l ,  press edge onto located 

Velcro t o  e t tach .  Sew Velcro a t  edge locat ion.  

x. Repeat ( v )  and (u) as required on each edge, 

y o  

z e 

Place on m 3 c k u ~  t oo l  fo r  edge to lc rance  checks. 

Rexove conpleted blankct , handlinq v i t h  EL coatourcd s to rn rc / sh inp inn  

f ix tu re .  
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3,293 

The nonrecurring cost  f o r  t he  advanced RNS i s  a s a t ion  of t h e  one t i m  

expenditures associated w i t h  the  engineering, fabr ica t ion  , and t e s t i n g  i n  

support of design and development. 

analyses, the data t o  be generated w i l l  r e f l e c t  previous Phase I11 RNS cos t  

data and information unique t o  the  development of t h e  advance RNS. 
development cos ts  f o r  the propulsion module and command and control  module 
are 42.5 and 149,2 mil l ions of do l l a r s  based on the  previous Phase 111 RNS 

study. During the remaining study e f f o r t  the development requirements for 
the  expandable propel lant  module w i l l  be i d e n t i f i e d ,  spec i f i ca l ly  testing, 

tool ing,  and support equipment pecul iar  t o  t he  advance s t r u c t u r a l  concept. 

The re su l t i ng  cos t  w i l l  then be estimated. 

As i n  t he  case of the recurrang cos t  

Tke 
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Section 4 
TASK 4 -- MATERIALS INVESTIGATION 

This task was completed during the last quarter with specification of 
materials and properties for the baseline RNS configuration. 

4.1 MATERIALS SUMMARY 

Three major materials and process technology areas were analyzed as part 

of the requirements for the RNS; (a) an improved organic matrix for use in 
a filamentary reinforced structure and ( G ) 

a non-permeable liner. 
( 3 )  an improved reinforcement 

The criteria used in analyzing and selecting the materials and processes 

were (a) the materials and processes would be available within the 1 9 8 0 ~ ~  
(b) the materials had to be compatible with either existing or potential 

processing techniques, (c) the materials and processes had to be compatible 
with the conceptual structural design, and (d) the materials and processes 
had to be compatible 
methods, 

with either existing or anticipated manufacturing 

The materials and processes are not part of the current state of the art, 
however, they are logical combinations and extensions of available 
technology and are amenable to research and development to bring them to 
fruition by the 1980s. 

Two organic matrices and rigidization processes have been selected based 

upon the major requirement of being able to fold the RNS tank for launch 
followed by rigidization (cure) after expansion in earth orbit. 
(a) a two-step cure, modified epoxy - capable of being cured to a non- 
tacky, foldable first step cure followed by a second step cure after 

expansion in earth orbit to yield a rigid structure, and (b) controlled 

evaporation/volatilization of solvent and/or plasticizer from a plastic 

material. 

These are: 

The filamentary reinforcement selected is based on a new, longitudinal 

weave, woven in the form of a "sock." 

tudind and circumferential reinforcement will provide the benefits of B 

Socks woven to provide both longi- 
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I 

filament wound tank, but obviate the manufacturing problems associated with 
I filament winding very large structures. The material selected as a baseline & '  

for the woven socks is DuPont's new PRD-49-3 fiber. 

The non-permeable membrane concept consists of a multi-layered urethane- 
nickel composite. 
urethane (0.038 m), curing the urethane, vapor depositing nickel (600-1200 A )  

and repeating the process to provide a non-permeable membrane. 
advantage of a multi-layered urethane-nickel membrane is that it c 
to shape and sealed around penetrations without the problems associated 

pre-cured film materials. 

The composite is constructed by casting a film of 
0 

A mador 

with 

4.2 ORGANIC MATRIX 
An improved organic matrix is required for use in the filamentary reinforced 
structure of the RNS. 
composite, the organic matrix must be compatible with the liner at cryogenic 

temperature8 and must be processible by a two-step procedure to allow for 

folding, packaging, and launch in ambient earth environment followed by 
expansion and rigidization in earth orbit environment. 

4.2.1 Requirements 
The requirements for the organic matrix summarized below can be logically 

grouped into two categories, structured requirements and processing and 

manufacturing requirements. 

In addition to providing load transfer within the 

,I 

4.2.1.1 Structural Requirements 
The organic matrix must form and maintain an integral bond with 
the tank liner. 

stresses created by differences in thermal contraction between the 
composite and the liner upon cycling between 20°K and 400°K and 
must maintain structural integrity upon pressuritation and 
depressurization. 

a. 
The bond strength must be greater than the 

b. Resin strins vary between 3 and 20 times composite strains 
depending on resin concentration resulting in crazing and cracking. 
The resin strains must be minimized. 



4. 

c. Crazes must not be allowed to result in crack formation. Appropriate 
particulate fillers must be incorporated in the organic matrix to 
provide triaxial dissipation of strain energy and prevent crack 
propagation. 

,2.1.2 
a. 

be 

C. 

d. 

e. 

f. 

g* 

h. 

i. 

Processing and Manufacturing Requirements 
The organic matrix must be either liquid or soluble in a suitable 
solvent in the uncured state so that the filamentary reinforcement 
can be impregnated. 
The pot life of the formulated organic matrix must be sufficiently 
long under ambient conditions to permit completion of processin 
and manufacturing steps without gelling. 
It is desirable that the processing and manufacturing phases be 
carried out under ambient conditions without having to resort to 
refrigeration to prevent the organic matrix from curing beyond a 
useful flexibility. 
The organic matrix must be curable, or be capable of being 
transformed by some suitable means (first step cure) into a pliable, 
preferably non-tacky material, which will maintain dimensional 
stability under its own weight within ambient earth environment. 
The rate of the first step cure reaction leading to a pliable, 
non-tacky matrix must be quantitatively controllable so that 
sufficient manufacturing time will be available. 
The pliable, non-tacky characteristics of the organic matrix must be 
stable for sufficient time to cqmplete the RNS construction, then 
fold, package, launch, and finally expand the tank in orbit. 
The organic matrix must be capable of forming an integral bond with 
the impermeable tank liner while in the pliable state. 
The organic matrix, while in the pliable state, must be foldable, 
packageable, and expandable, but be cured sufficiently to maintain 
the structural integrity of the filamentary reinforcement. 
After the organic matrix has been cured to a flexible, non-tacky 
state (first step cure), the HPI and meteoroid shield must be 
installed. 
cure) must take into account the fact that the tank is completely 
enclosed. 

Therefore, the final rlgidization process (second step 

4-3 



J .  

k. 

1. 

m. 

Any volatile materials liberated from the organic matrix during 
first step cure to the pliable state, during subsequent ground 
hold and launch operations, or during final rigidization (second 

step cure) in orbit must be compatible with, and not degrade the 
efficiency of, the aluminized Mylar HPI. 
The filamentary reinforced, pliable organic matrix must be fold 
and packageable without acquiring a permanent compression set or 
undergo other damage which would prevent the tank from being 
expanded into a uniform structure. 
The filamentary reinforced organic matrix must be rigidizable 

(second step cure) by a simple, quantitatively definable process. 
The rate of the second step cure reaction must be defined so that 

the tank can be unfolded in space environment, pressurized, and 
then rigidized within an acceptable time by a simple process. 

4.2.2 Candidate Matrix Materials 
A number of candidate resin systems have been considered for use as an 

organic matrix to meet the requirements for the RNS. 
the type of curing agent, the type of additives, and the solvency require- 
ments of the components in a resin formulation, will all vary depending upon 
the process or processes which might be used to obtain a practical two-step 

The type of resin, 

I 

process of curing/rigidization. 
combinations of resins must be considered: 
Epoxies: 
systems within ambient earth environment but which could be rigidized in 
earth orbit. The classes of epoxides considered were alicyclic, aliphatic, 
glycidyl ethers of polyhydroxy compounds (bisphenols , glycols), and glycidyl 
amines (aniline, methylene dianiline) . 

A large number of resins and various 

Variou$ epoxies have been considered which might lead to flexible 

The modulus of cured epoxies and the rate of cure can be determined by the 

type and chemical structure of the curing agent. Therefore, a variety of 
curing agents were considered: aliphatic diamines, aromatic diamines, 

compounds having both aliphatic and aromatic amino functionality, polyamides, 

anhydrides, acids, and acid complexes. 
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Two-step curing epoxy systems might be derivable from a catalyzed co-reactant 
epoxide system. 
anhydrides are viable candidates. 

'1 Thus, mixtures of epoxides with polyhydroxy compounds and 

Urethanes: 

changing the chemical structure of the isocyanate moiety or by changing the 
structure and reactivity of the curing agent. 
excellent cryogenic properties. In addition, they can be formulated 

epoxies to yield tough materials having physical and mechanical properties 
in between the properties of the two components. 

diisocyanates are heated in the presence of a catalyst an oxazolidone pol 
is formed. By appropriate control of' the reaction conditions, prepolymere 
can be obtained which lead to cured materials having excellent properties. 

The properties of cured urethanes can be varied widely by 

Polyether-type urethane 

When diepoxides and 

Soluble Resin Systems: 
solvents or plasticizers which will dissolve or plasticize most resins. 
Since there is no single resin which will fulfill all of the established 

requirements, copolymers containing a variety of chemical groups and 
"polymer alloys" must be considered. 

"here are conditions of temperature and choices of 

Thus, copolymers and polymer alloys of 
I the following resin systems are candidates: polyacrylates, polymethacrylates, 

polyesters, polyacrylonitrile, polyolefins (butylene, methylpentene, 

butadiene, ethylene, propylene), polycarbonates, polysulfones, polystyrenes, 
silicones, and polyamides; vinyl polymers (vinyl chloride, vinyl chloride- 

vinyl acetate copolymers, vinylidene chloride, vinyl formal, vinyl butyral, 

vinyl chloride-propylene copolymer, polystyrene-acryloni trile copolymer, 
(SAN ) , polyacrylonitrile-polybutadiene-styrene (ABS ) . 
the fluorine-containing monomers can be copolymerized with many of the above 

materials to provide copolymers which are soluble and have unique properties, 

In a similar manner, 

Additives: Additives may be necessary to improve the cryogenic fracture 

toughness and the straip compatibility of the selected resin system. 
additives which might be used are pre-cured, finely divided particles of 

elastomers (urethane, flexible epoxy, polyamides) and hollow spheres or 

microballoons (glass, phenolic, epoxy). 

Some 
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4.2.3 Low Temperature Fracture Toughness 

Glassy polymers display a variety of responses to stress. 
three obvious responses result from a tensile stress: 
after elongation, (2) cold drawing involving extensive deformation, and 
(3) crazing (Reference 4.1). 

\ For example, 

(1) brittle fracture 

Kambour (Reference 4.2) has observed that crack propagation involves the 
formation and breaking of a craze. 
paper illustrates this phenomena. 

Figure 4.2-1 taken from his excellent 

Crazes result when glassy polymers are subjected to stresses less th 
fracture stress. Craze formation is a function of the polymer molecular 
weight, is time dependent, and is accelerated by the presence of a 
plasticizing environment. 

A craze is a plate-like region plastically deformed in the direction of the 
stress. The craze consists of interconnected spheroidal holes 200A in size 
Imbedded in a matrix of oriented polymer. 
glass transition temperature results in a "healing" of the craze. 

0 

Annealing the polymer above the 

I 
1 
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Figure 4 -2-1 CRACK PROPAGATION BY CRAZE FORMATION AND BREAKING 
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Since all polymers contain at least trace amouts of low molecular weight 
species, traces of solvent impurities, traces of unreacted curing agents, 
etc., and one or a l l  of which can act as a plasticizer, craze formation and 
incipient crack formation will be promoted provided time under stress is 
sufficiently long and providing there is no annealing temperature cycle. 
The seriousness of incipient crack formation and propagation can be 
mitigated by (1) appropriate choice of polymer structure which will provide 

relaxation phenomena below the glass transition temperature; relaxation 
phenomena are generally the result of polymer segmental motion and 
(2) incorporation of substances within the polymer which will prevent crack 
propagation. 

, 

Polyether-based urethane rubber has a structure which undergoes stress 
relaxation at low temperatures, and it is known that particles of elastomer 
incorporated into a glassy polymer will help prevent crack propagation. 
Therefore, all of the rigidized organic matrix materials discussed above 

should be formulated with about 2-5 percent of a finely divided urethane 
elastomer. Such a formulation will decrease the ultimate tensile strength 
about 10 percent, but should prevent catastrophic crack propagation during 

,) cyclic uses. 

4.2.4 Processing 

The rigidizing processes which appear feasible in terms of a 1980 time 
frame are: 

solvent and/or a plasticizer from a plastic, (c) the use of a latent 
catalyst, i.e., a material which has no positive catalytic effect until 

affected by some physical or chemical agent to develop its properties, 

( d )  a negative polymerization catalyst, i.e., a material which prevents 
polymerization from occurring until the material is neutralized or removed 
by vaporization, (e) complex formation, i .e., where one or more of the 
polymerizable components is chemically complexed, preventing cure. 
rigidization, or curing processes are discussed separately below. 
be emphasized, however, that the present state of the art indicates that 
there is no unique material or process which will currently meet the 

established requirements for the organic matrix. 

(a) two-step catalytic cure process, (b) volatilization of a 

These 
It must 

4-7 



The following discussion of the various rigidization processes is ranked 

according to the methods which could probably be most readily quantized and 

brought to practical fruition by the 1980s. 
* &) 

Although the dual curing system is ranked first indicating that it would 

probably require less research and development effort, method (b) "Vol 

zation of a solvent and/or a plasticizer from a plastic," would probably 
provide a more quantitatively controllable process. 

4.2.4.1 Two-step Catalytic Cure Process 
Most reactions of thermoset polymers can be thought of as a two or more step 

catalytic cure. For example epoxies react at some intermediate temperature 
to give a E-stage material which can be stored at low temperatures for 
extended periods of time without appreciable reaction occurring. If the 
&staged material is warmed, further staging (or advancement, or cure) w i l l  

occur. If the temperature i a  raised further, the rate of the cure reaction 

will increase, the rate of cure approximately doubling for each lOoK rise in 
temperature. These phenomena are depicted in Figure 4.2-2. 

modulus 
b ec ome s 
conatant 

Spontaneous 

Time 

Figure 4.2-2 THERMAL EFFECTS ON EPOXY RESIN 

i 
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Unfortunately, f o r  t h e  appl icat ion intended for RNS, t h e  usual materials 
I staging conditions cannot be used readi ly .  B-staged epoxies are taeky, o r  

i f  they are staged beyond t h e  tacky state, they are "boardy," i .e. ,  they 
break i f  an attempt i s  made t o  bend them without warming. 

There are a number of epoxy resin systems which have a po ten t i a l  for being 

developed i n t o  t h e  type of  two-step cure process necessary t o  meet t h e  

es tabl ished requirements. 

Ciba-Geigy has recent ly  announced a new developmental epoxide (Reference 4.29 

which has been described as curable i n  a two-step process. 

0 C ~ ~ H C H 2 N H ~ C H 2 ~ N € i C H 2 C H C I i 2  / \  

A proprietary system has been p a r t i a l l y  defined which has some of  t he  desired 
c h a r a c t e r i s t i c s  (Reference 4.4). 
polyhydroxy compound i n  t he  presence of an amine ca t a lys t  at  r e l a t i v e l y  low 
temperatures t o  y i e ld  I). rubbery, non-tacky material, which upon heating t o  
408OK, caused a f i n a l  anhydride cure t o  y i e ld  a material having 25 percent 
elongation at  room temperature. 

A polyepoxide was caused t o  r eac t  with a 

Thus, t he  process envisioned would involve t h e  reac t ion  of a m i x t u r e  of a 
polyepoxide, a polyhydroxy compound, an anhydride, and an amine ca t a lys t .  
Upon heating at a r e l a t i v e l y  low temperature (ca .  3 5 O o K )  a first s t ep  cure 
would occur leading t o  a rubbery, non-tacky material. 
of t h e  polyepoxide with t h e  polyhydroxy compound i s  g rea t e r  than t h e  rate of 
react ion with t h e  anhydride. 

cure occurs, involving react ion of the  anhydride, yielding t h e  f i n a l ,  
r ig id ized  material. 

The rate of reac t ion  

Upon r a i s i n g  the  temperature, the  second s t e p  

I n  order t o  optimize t h e  propert ies  f o r  use at  l i q u i d  hydrogen temperatures 
and provide the  g rea t e s t  p o s s i b i l i t y  f o r  t h e  cured epoxy t o  exhib i t  stress 
relaxat ion phenomena, polymer s t ruc tu re  disorder  can be accomplished by 
using a mixture of s t r u c t u r a l l y  d i s s imi l a r  epoxies, mixtures of polyhydroxy 

compounds, mixtures of anhydrides, and mixtures of curing agents. 

i 
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A baseline composition for the two-step cure process might be formulated as 

follows : 
** 

$ 

a. Mixture of Epoxides 
diglycidyl ether of bisphenol A 

triglycidyl ether of glycerol 
bis (2 3 - epoxycyclopentyl ) ether 

b. Mixture of Polyhydroxy Compounds 

ethylene glycol 
diethylene glycol 
dipropylene glycol 
glycerol 

c. Mixture of Anhydrides 
phthalic anhydride 
pyromellitic dianhydride 
methyl tetrahydrophthalic anhydride 

d. Mixture of Curing Agents 
t ri et hylenet et raami ne ( TETA ) 
triethanol amine 
methylene bis (0-chloroaniline) (MOCA) 

"he use of mixtures of triethylenetetraamine and triethanol amine is known 
to produce a synergistic lengthening of pot life (Reference 4.5). 
very important that the organic matrix have a sufficiently long pot life to 
allow completion of the processing and manufacturing steps before gellation 

occurs. 

It is 

4.2.4.2 

Extensive literature is available describing the use of plasticizers to 
improve the flexibility of plastics. The maJor investigative efforts have 
been directed to the development of polymer-plasticizer compatible systems 

where the plasticizer would not "bleed" out, or vaporize out of the polymer. 

Volatilization of a Solvent and/or a Plasticizer 

The design of materials where solvent and/or plsatlclzcr could bo uaed to 

flexibilize a polymer and then be quantitatively removed by vaporization In 

! 
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a controlled two-step process would require a basic synthetic organic 
1 physical chemical investigation. However, certain logical assumptions 

be used to arrive at the type of process which would be required. 

A study of Stuart-Briegleb molecular models (Reference 4.6) of various 
polymera, copolymers, and cross-linked polymers in conjunction with models 

of various plasticizers, has indicated the type of experimental studies 
which would be required to quantize the solvent/plasticizer volatilization 
method of rigidization. 

plasticizer is a function of both the vapor pressure of the solvent/ 
plasticizer and the rate at which the solvent/plasticizer diffuses (or 
migrates) to the surface. 
parameters which affect the rate of diffusion include: 

For example, the rate of volatilization of the 

Some of the chemical, physical, and mechanical 

a. The chemical nature of the groups within the polymer chains, i.e., 
ketone, ester, amide, ether, etc. 

b. The free volume within the bulk polymer. 
c. The cross-link density, i.e., the number of interconnections 

between polymer chains per repeating unit. 
The molar volume, chemical structure (shape), and the chemical 

nature of the functional groups within the plasticizer. 
The degree of crystallinity of the polymer. 

d. 

e. 

McDonnell Douglas Astronautics has expended several man-years developing 
and computerizing information about the compatibility of materials, with 

special reference to functional fluids and elastomers, using solubility 
parameters (Reference 4.7). 

In addition, a study of techniques to calculate physical properties of 
materials based on a matrix algebraic establishment of additive group 
contributions to physical properties was highly successful (Reference 4.8). 

In order to optimize a polymer for use as the organic matrix in a hydrogen 
tank wall, the Tg should be as low as possible, or various polymer 
segmental motions must be available to allow a stress relaxation to occur 

at temperatures below the glass transition temperature. 

accomplished by simply copolymerizing two different monomers; tho Tg of a 

copolymer is generally intermediate between the Tg's of the individual 

polymers. 

This cannot be 

\ 
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It appears possible that copolymers having controlled cross-linking could 
be predicted using solubility parameters, and applying the matrix 
algebraic methods to Tg and relaxation phenomena, both in conjunction with 
studies of Stuart-Briegleb models. Synthesis of suitable systems would 
follow for verification and iterative optimization. 

A process involving a two-step system would probably involve dissolving 
the polymer in a three component solvent. The three components would be a 
low molecular weight solvent to allow impregnation of the reinforcement, 
less volatile solvent which could be removed in a quantitative and controlled 
manner to yield a pliable, non-tacky, foldable structure, and a plasticizer 

which would be removed by volatilization after the tank is deployed in orbit. 

"he techniques outlined which would lead to a rigidization process based on 
the quantitative and controlled volatilization of solvent/plasticizer 

provide the most logical approach to the development of a 1980 polymer 
technology fitting the established requirements for the organic matrix. 

4.2.4.3 Latent Catalyst Process 
There are a number of latent catalysts which might be used to cause the cure 

of a thermoset material. For example, ethanolamine-boron trifluoride reacts 
only very slowly with epoxy resins under ambient conditions, but causes a 
rapid cure to occur at 348-373'K. 
complexes can be controlled by varying the chemical structure, and hence, 
the basicity, of the amine (References 4.9 and 4.10). 

The reactivity of amine-boron trifluoride 

4.2.4.4 Negative Catalyst Process 

There are many materials which inhibit or prevent chemical reaction; such 
materials are referred to a6 negative catalysts. For example, some 

ailicones will not polymerize if there is an amine present and some 

acrylates polymerize only slowly in the presence of oxygen, but cure 

rapidly when oxygen is excluded. The activity of negative catalysts is 

generally manifested by the formation of a complex with one of the reactants. 

If the negative catalyst is removedorinactivated by reaction with a suit- 

able material which is not part of the polymerization reaction, then the 

desired reaction can proceed. Amines or Lewis acids such as boron 
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trifluoride which normally catalyze the cure of epoxies which 
complexes with various functional groups (double bonds, ketones, esters 
etc.) which would normally be involved in a polymerization reaction, e 
function as negative catalysts. 
or inactivation of a necessary component in a polymer reaction by complex 
formation could lead to the development of technology necessary to meet the 
established requirements for an organic matrix. However, the study, at 
least in the beginning, would be highly empirical and less sure of success. 

we 

A systematic study of negative catalysts, 

4.2.4.5 Complex Fonnat ion 

There are many possible chemical complexes which are stable within 
earth environment but which can be caused to liberate one or more poly- 

merizable components by some suitable process or combination of processes. 

For example, complex formation involves the reaction of two or more 
substancee, 

K 
A + B + C  e A 0 B - C  

The dissociation of the complex, ABC, can be caused by increasing the 
temperature, by removing one of' the reactants by complexing with a third 
substance to form a thermodynamically more stable complex, by precipita- 
tion, by volatilization, etc. 

Quantitative data necessary to design a rigidization process based on 

complex formation and dissociation are not available. In addition, many 
complexes are solid and might sublime if a mixture were exposed to space 

vacuum. However, complexerr of polymeric substances are known, such as the 
Lewis acid complexes of polymeric amines, and therefore, the use of 

complexes could be a viable process. 

4.2.5 
The properties of the organic matrix in the flexible state, and in the final 
rigidized state 8hould be easentially the same regardless of the process 

used. "he ranges of properties for the matrix are shown in Table 4.2-1. 
would be desirable to have a material with very high strength and toughness 

and therefore it is anticipated that the organic matrix w i l l  be formulated 

with 2-5 percent of a finely divided polyurethane elastomer or other additive 

Propertiee of the Organic Matrix 

It 
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t o  prevent catastrophic crack propsgation during cyc l ic  use. 

formulation w i l l  probably decrease t h e  room temperature ultimtc t 
strength by about 10 percent. 

Such 8 

” 

Table 4.2-1 
OFtGANIC MATRIX PROPERTIES 
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4.3 Filamentary Reinforcement 

An improved composite tank wall for the RNS is dependent upon an immoved 
filamentary reinforced composite and new assembly concept. 

4.3.1 Requirements 

The selection of a reinforcement has been determined by a consideration of 
the various filamentary materials available, the existing properties of' fil 
mentary materials and the properties anticipated by the 1980 time frame, 
compatibility with the structural design, compatibility with the propoaod 
processing and manufacturing sequence, compatibility with the two-step CUT@ 
process necessitated by the requirement to fold within an earth environment 
and then expand and rigidize within earth orbit environment. In addition, a 
comparison of specific strengths and moduli and strain compatibilities of 
various reinforcement materials was considered. A conceptual analysis of the 
RNfj indicates that the reinforcement must meet the following requirements: 

a. 

b. 

C .  

d .  

e. 

r. 

R e  

he 

I. 

The filamentary reinforcement must have as high  a specific strenRth 
as possible to provide a minimum weight tank. 

The filamentary reinforcement must have as hiuh a specific modulus 
as possible to provide a structurally stable tank. 
The strain incompatibilities between the reinforcement and the 
matrix must be minimized at cryogenic temperatures. 

The reinforcement must be wet by the uncured organic matrix. 

The reinforcement must bond to the organic matrix during the first 
step cure and maintain the bond durinu fold, launch, and expan- 
sion In earth orbit. 

The reinforcement must remain bonded to the organic matrix during 
the final riaidization in earth orbit environment. 

The filamentary reinforcement must withstand thermal cycling 
between 20' and 4 0 O O K .  

The filamentary reinforcement must be capable of beinff woven into 
ez "sock" of the size and shape of the tank. 

The "sock" must have sufficient abrasion resistance to be handled 
and installed on the tank without damage. 
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" j  4.3.2 Candidate Reinforcement Materials 

A survey of various filamentary and woven materials was made and boron, f w q - h i t e ,  

F:  lass, and PRD-119-3 fibers were se l ec t ed  as viable  candidates. 

predicted fiber propert ies  are shown i n  Tables 4.7-1 and 4.3-3. 

propert ies  are shown i n  Tables 4.3-3 and 4.3-4. 

Present and 

Composite 

The assumption was made t h a t  t h e  fibers and matrix are i n t e g r a l l y  bonded to- 

gether such t h a t  t h e  longi tudinal  s t r a i n  i n  t h e  matrix and fibers are equiva- 

l e n t .  The following terms were defined: 

u = stress i n  t h e  fibers 
f 

u = stress i n  t h e  matrix m 
f = s t r a i n  i n  t h e  fibers e 

e = s t r a i n  i n  t h e  matrix rn 
Ef = Youne's modulus of t h e  fibers 

= Young's modulus of t h e  maxtix Ern 
Hooke's l a w  f o r  a uniax ia l  #tree# is :  

\ 

J u = eE 

hy applying Hooke'a l a w  t o  t h e  fibers and matrix and equating t h e  s t r a i n s  i n  
t h e  matrix and fibers, t h e  following r e l a t i o n  is  obtained: 

U 

U 
- Ef = f  

Em m 
This r e l a t i o n  ind ica tes  t h a t  t h e  stress applied t o  a composite, p a r a l l e l  t o  
t h e  re inforcing fibers, is  r ed i s t r ibu ted  i n  t h e  proportion t o  t h e  relative 

moduli of t h e  matrix and t h e  filamentary reinforcement. Thus, i n  t h e  case  
of organic matrix composites reinforced w i t h  h igh  modulus f ibers,  e s s e n t i a l l y  
all t h e  load i s  ca r r i ed  by t h e  fibers, as t he  r a t i o  of t h e  moduli exceed 1OO:l. 

The calculat ion of t h e  predicted moduli and s t r eng ths  of composites fer t h e  

1980's is  based upon t h e  r u l e  of mixtures: 

P E V E ( l - V f )  Ec f f +  m 
and u v + urn (laf) 

0 -  f 
C - f  
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where 
Ec = modulus of the composite 
Vf = volume fraction of the fibers in the composite 
E = modulus of the matrix m 

Since it is assumed that the organic matrix does not contribute to the pro- 
perties of the composites, the above relationships reduce to 

E = Ef Vf 
C 

0 = Of Vf 
C 

4 . 3 . 3  Evaluation 

A comparative evaluation has been made of boron, graphite, S-glass, and PRD- 
49-3 fibers in terms of the established requirements. 

Boron Fialments 

"he processing technology for boron filament reinforced composites has ad- 
vanced significantly and is being used on flight hardware. Although the 

> specific strength of boron composites is not as areat as for  graphite, S -  

glass, and PRD-49-3, the strength increases at cryoKenic temperatures. 
thermal contraction characteristics for boron are similar to those of S-glass 

and therefore, the strain compatibilities would be similar. 
1980 properties indicate that boron filaments w i l l  probably not improve as 
much as graphite and PRD-49-3. 

The 

The anticipated 

Boron filaments cannot be woven simply and cannot be used to provide a sock 
as described in Section 4.3.4, below. 

Graphite 

A variety of graphite filaments are available with moduli ranging from 25 to 
75 million psi emd strengths ranging from 375,000 psi to 180,000 psi. 
processes used to prepare graphite filaments can be optimized to provide 
either hi& modulus or high strength material. It is anticipated that new and 
improved techniques will lead to a graphite fiber having a modulue of 100 
million and a atrength of 500,000 psi by 1980. 

The 

I 
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S-glass re inforced pressure vesse ls  have been s tudied extensively and t h e  

proper t ies  of S-glass fibers are better known than the o ther  candidates.  
S-glass fi lamentary reinforced composites undergo s t rength  degradation due 
t o  cyc l i c  loading or sus ta ined  loading,  espec ia l ly  when t h e  loads are a high 
percentage of u l t i m a t e  forcing a lower design allowable. However, some 
recent  data (Reference 14.11) has ind ica ted  t h a t  t h e  cyc l i c  f a t igue  perfom- 

ance a t  cryogenic temperatures may ac tua l ly  improve. 

A comparison of t h e  proper t ies  of S-alass ind ica tes  t h a t  is has t h e  h ighes t  

s p e c i f i c  s t rength  of t h e  candidate fibers. However, it is  not an t i c ipa t ed  

t h a t  t h e  proper t ies  of S-glass w i l l  improve s i g n i f i c a n t l y  by 1980. 

PRD-49- 3 

PRD-49-3 is a new f iber  introduced recent ly  by DuPont. 

The f r a c t u r e  toughness of epoxy composites has been reported t o  be g rea t e r  
than f o r  e i t h e r  boron or graphi te  composites and t h e  fiber u l t i m a t e  tensile 

i s t rength  is 340,000 ps i  a t  1.8 percent elongation. In  addi t ion ,  considerable 
improvement can be expected by t h e  1980's (Reference 4.12). 

Work at t h e  BoeinR Airplane Company h a s  resulted i n  t h e  followina conclusions: 

( Reference 4.13). 

a. Mechanical property data generated i n  t h e  program v e r i f i e s  
t h a t  t h e  ( P R D )  composites evaluated have t h e  higkest  
specific s t rength  of any known material. 

b. Cryogenic temperatures do not degrade composite 

mechanical proper t ies .  

c. Po ten t i a l  f o r  using the composites i n  s t r u c t u r a l  

t ens ion  appl ica t ions ,  such as filament-wound pressure 
vesse18, is considered exce l len t .  

Composite re inforced propel lant  t a n k s  are beinp, evaluated by Crumman uaina 
boron, iqraphito, S-glass , and DRD-43-1 f ibera .  Their prel iminnry d R t a  

l n d l c a t c  t h a t  tho PRIJ f'lhor i t 3  outstanAinR (Hafarenot? 11 .ill). 
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'1 Tho contraction curves for epoxy composites derived from the candidate fibers 
are shown in FiRure 4.3-1 to provide a comparison of the relative structural 
changes anticipated upon cooling the various materials to cryogenic tempera- 
tures. 

The outstanding properties and anticipated improvements suggest that PRD-49-3 
fiber is the reinforcement material of choice for the RNS. 

4.3.4 Assembly Concept 

The reinforcement material and assembly have been selected to match the 
operational stress field in the tank. Since the load in the circumferential 
direction is twice that in the lonaitudinal direction, there must be twice 
as many circumferential layers of reinforcement as longitudinal lqvers . 
A unidirectional reinforcement was selected over a woven cloth because the 
tensile strength of cloth composites is only about 30-40 percent of the 
strength of unidirectional reinforced composites. 

The structure of the reinforcement has been chosen so that it can be handled 
like a woven "sock" having the correct shape and dimensions, but approach 
the strength of a filament wound tank. 
Structures Division of HITCO (Reference 4-15) in making longitudinal weaves 
and cylinders using longitudinal weaves will be used. 
weaves have 90-94 percent of the fibers in one direction and are tied 
togegher with 6-10 percent transverse yarns. 

\ 
i 

A recent development by Woven 

The longitudinal 

The socke are designed so that they structurally tie the end domes into the 
tank. 

The first layer of longitudinal reinforcement will be slipped over the mandrel 
using a Teflon sleeve to reduce frictional drag. 
impregnated with the organic matrix and then the second layer of longitudinal 
reinforcement will be installed using a Teflon sleeve. The second layer will 
be impregnated and then four layers of circumferential reinforcement will be 
installed in the same manner. After all of the socke are installed and im- 
pregnated the mandrel will be pressurized to tensile the filaments to about 
12 percent of ultimate before the first step cure. 

The first sock will be 

i 
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4.14 Tank Liner ?i 
1 

An impermeable membrane must be provided as a tank l i n e r  t o  contain t h e  LII, 

propel lant .  The l i n e r  is necessary because fi lamentary reinforced organic 
matrices craze and crack under composite s t r a i n s  of 0.5 t o  2 percent of t h e  

composite s t r a i n  and it h a s  been shown by Kies (Reference 4.16) t h a t  r e s i n  
s t r a i n s  can be as high as 3 t o  20 times composite s t r a i n s ,  depending upon 
resin content.  Therefore, t h e  l i n e r  must bridge the r e s u l t i n g  discontin- 

u i t i e s  and provide an Impermeable barrier t o  both l i q u i d  and gaseous hydrogen. 

4 . 4 . 1  Requirements 

The requirements for  a l i n e r  for t h e  RNS are: 

a. 

b. 

C. 

d. 

e. 

f. 

A compatible coe f f i c i en t  of contract ion of' t h e  l i n e r  and 
composite is  necessary t o  minimize d i f f e r e n t i a l  stresses. 
( Pieure 1,. 3-1 ) . 
The l i n e r  must be capable of cyc l i c  loading t o  1.8 percent 

s t r a i n  and maintain physical  and mechanical i n t eg r i ty .  
During t h e  construct ion of t h e  tank ,  t h e  membrane w i l l  a c t  

as t h e  outer sur face  of a mandrel. 
After t h e  i n s t a l l a t i o n  of t h e  fi lamentary reinforcement and 

the impregnation of t h e  reinforcement wi th  organic matrix,  
t h e  organic matrix w i l l  be submitted t o  a first s t e p  cure. 
The membrane must form an i n t e g r a l  bond w i t h  t h e  organic 

matrix. 
The membrane must remain bonded t o  t h e  organix m a t r i x  
wh i l e  t h e  tank is  folded, packaged, launched and unfolded. 

An i n t e g r a l  bond betwen t h e  membrane and t h e  tank w a l l  must 
be maintained during and after t h e  second s t e p  cure. 

The membrane must be capable of mult iple  cycl ing from 20 t o  
40O0K. 

h. The membrane w i l l  not be a load carrying member of the  

8 t r uc t ure . 
i. The membrane must be processible  so t h a t  it can be formed 

around lead-through8 and provide a seal around t h e  lead- 

through8. 
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J 4  The m J o r  l imi t ing  f ac to r  on the allowed leak rate (penaea- 
b i l i t y )  of t h e  membrane is determined by t h e  in su la t ive  degra- 

dation of t h e  HPI, 

4.4 e 2 Candidate Liner Materials 

A number of materials have been invest igated for u8e as impermeable l i n e r s  
for filament wound pressure veseels fo r  cryogenic appl icat ions.  (References 
4.17 and 4 .IS). 

Electrochemically deposited copper, s i l v e r ,  and nicke l  f o i l s  and hand-formed 
aluminum f o i l  have been invest igated.  

Non-metallic film which have been invest igated include Mylar, Tedlar,  Kapton, 

polyurethane, and a glass flake-backed polyer ter .  Vacuum deposited metals 
on various organic films were included for consideration and evaluation as 

po ten t i a l  l i n e r  materials. 

4 . 4 . 3  Evaluation 

There are severa l  drawbacks t o  the  use of a metal f o i l  as a l i n e r  material: j 

a. The metal exh ib i t s  low (0.25 t o  0.5 percent)  elastic strain and sny 
addi t iona l  s t r a i n  necessary t o  match t h e  s t r a i n  i n  t h e  composite 
during pressurizat ion m u s t  occur by p l a s t i c  deformation. 
depressurizat ion,  t h e  metal l i n e r  can recover the 0.25 t o  0.5 
percent s t r a i n  elastically and then one of three possible  s i tua-  

t i ons  may preva i l :  
1. The adhesive bond b e t m  the m e t a l  l i n e r  end t h e  composite 

remains i n t a c t  and the  l i n e r  undergoes p l a s t i c  deformation 

t o  re turn  t o  the  o r ig ina l  state. 

Upon 

2. Thc adhesive bond remains i n t a c t  but t h e  adhesive is  in- 
capable of causing p l a s t i c  deformation i n  t h e  l i n e r  and 

therefore  the  l i n e r  fails. 

3. The l i n e r  buckles and fa i ls  due t o  an adhesive failure. 
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b. 

C. 

d. 

Electrodeposited l i n e r s  (no seams) can be cycled a t  both 
ambient temperature and a t  20'K without f a i lu re .  On the  

o ther  hand, aluminum f o i l  liners w i t h  a bonded seem a l l  
leaked at t h e  seam at cryogenic temperatures, 

Complex curvature m e t a l  l i n e r s  are d i f f i c u l t  t o  fabr ica te .  

Metal fo i l  l i n e r s  would be very d i f f i c u l t  t o  fold without 
undergoing permanent p l a s t i c  deformation a t  t h e  complex curva- 

t u r e  fold.  

Most of t h e  non-metallic f i lms which have been invest igated have low t o t a l  

elongation a t  20'K which make them unsuitable f o r  use as l i n e r  materials 
designed t o  take a l l  of t h e  t e n s i l e  s t r a i n  i n  filament wound vessels.  

A major problem with Mylar, Tedlar,  and Kapton is t h a t  joining (sesm 
formation) is d i f f i c u l t  and obtaining an i n t e g r a l  bond between t h e  l i n e r  

and t h e  composite i s  d i f f icu l t .  

cured fi lms and are not heat sealable, are not soluble  i n  solvents ,  and 
cannot be adhesively bonded such t h a t  t h e  adhesive bond w i l l  withstand t h e  

thermal contraction. The glass f lake  backed polyester  can be adhesively 
bonded but i a  an inherent ly  low s t rength material. The polyurethane f i lm 

forme an exce l len t  adhesive bond but i s  permeable. 

These materials are ava i lab le  only ae pre- 

I 

An approach present ly  being invest igated by Boeing Airplane Compqv under 
NASA Contract No. NAS3-13326 is  t o  deposit gold onto Kapton, then put  two 

layers  together  and 
candidate l i n e r ,  (Reference 4.19) 

d i f fus ion  bond the  gold t o  form a hornogenously bonded 

Most of the materials which have been invest igated are d i f f i c u l t  t o  j o in ,  

d i f f i c u l t  to bond for reliable performance a t  cryogenic temperatures, d i f f i -  

c u l t  t o  ob ta in  w i t h  complex curvatures,  d i f f i c u l t  t o  fo ld  and d i f f i c u l t  t o  

s e a l  around lead-throughs. 

A consideration of t he  jo in lne  problems, the complex c u r v a t u r e ,  nnd t h e  

nncsselty o f  folding the HNfJ turk ruggeated t h a t  a l inar  material be 



-\r 

considered which could be formed simply to the correct size and shape. Hencep 
thin coatings of metal on various nonmetallic substrates were considered. 

Lead, aluminum, and nickel appear worthy of consideration for vacuum deposf- 
tion onto a film. 
and Tedlar, and lead and aluminum ha& been deposited onto urethane (Reference 
4.201, but nickel ha8 not. 

All three metals had been deposited onto Kapton, Mylar, 

However, a consideration of the overall technology involved suggested that it 
would be possible, and the practical advantage of the improved corrosion 

resistance of nickel over aluminum was one of the deciding factors in its 
consideration. Lead can probably be deposited with fewer "pin holes" than 
with aluminum or nickel but waa not given serious consideration because of 

the additiondl weight. 

4.4.4 Selected Concept 

A liner concept consisting of a multilayer, metal-urethane composite was 
selected as most likely to meet all of the requirements (Figure 4.4-1). 

) 
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Circumferential 

Filamentry 
Reinforcement 

Longitudinrl 

Filamentry 
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Figure 4.k-1 "I!& MATERIALS SELECTION FOR RNS TANK WALL 
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\ The thickness required for the urethane layers cannot be analytically pre- 
i 

dicted, but has been selected at about 0.038 mm as a practical thickness 
which can be controlled by either spray or brush coating. 

The multi-layer construction was selected to minimize the problem with pin 
holes which normally result when thin layers of metal are vapor deposited. 
Generally, control of metal coating thickness cannot be maintained below 
about 100 A with 200 A being a normal production limit. In comparison, 
aluminized Mylar used for high performance insulation has a coating thickness 
of about 1200 A of aluminum. 

0 0 

0 

0 
A coating thickness of 600 A has been selected as a thickness which can be 
controlled and still provide relatively few pin holes. A liner consisting 
of five layers of 0.038 mm urethane and four layers of 600 A nickel weighs 
0.244 Kg/M2 (0.05/LB/F!T2). 

0 

It has been experimentally verified that nickel can be vapor depoaited onto 
a urethane film. 
the elongation of the material is excellent. 

Microscopic investigation indicates very few pin holes and 

\ 

4-29 



REFERENCES 

1.1 

1.2 

2.1 

2.2 

2.3 

2.4 

, 

2.5 

2.6 

2.7 

3.1 

3.2 

\\ 
"Nuclear Shuttle System Definition Study Phase I11 Final Report,: 
Volume 11, Part B ,  Book 2, Contract NASB-24714, Report Number 
MJJC W134, May 1971. 

"Iiuclear Shuttle Systems Definition Study Phase 111," Volume 11, Part B, 
Contract NASU-24715, Report Number LMSC-A984555, May 1971. 

"Buckling of Thin Walled Cylinders," NAS SP-dOO7, August, 1968. 

D. K .  WeidneT, ed., "Natural Environment Criteria for the NASA Space 
Station Program," NASA TMX-53865, October 31, 1969. 

"Investigation of Smooth-Bonded Metal Liners for Glass Fiber Filament- 
Wound Pressure Vessels," Contract NAS CR-72165, McDonnell Douglas Report 
DAC-60640, May 1967. 

D. J. Soltysiak and J. M. Toth, "Static Fatigue of Fiber Glass Pressure 
Vessels from Ambient to Cryogenic Temperatures ,'I DAC-59904, May 1966. 

"Investigations Regarding the Development of a High Performance 
Insulation System ,I' Contract NAS8-20758, Lockheed Report K-17-68-5, 
25 July 1968. 

"Investigation of High-Performance Insulation Application Problems," 
Contract NAS8-21400, McDonnell Douglas Report MDC-G 1152, 20 July 1969. 

"Investigation of High-Performance Insulation Application Problems," 
Contract NAS8-21400, McDonnell Douglas Report MDC-G1238, 20 October 1969. 

McMaster, R. C., Nondestructive Testing Handbook, 1959. 

Scherb, M. V. , et .al. ,"Experimental Evaluation of Three Leak Detection 
and Location Concepts for Space Stations," Contract No. NAS1-10840, 
Interim Report, November 3-971 e 

R-1  



! 3 . 3  Cook, J. L., Reinhardt, W. W. and Zimmer, J. E., "Development of 
Nondestructive Test Techniques for Multidirectional Fiber Reinforced 
Resin Matrix Composites I)'t MML-TR-71-187, October , 1971. 

3.4 Evangelides, J. J. Meyer R. A., and Zimmer, J. E., "Investigation 
of the Properties of Carbon-Carbon Composites and their Relationship 
to Nondestructive Test Measurements," AFML-TR-70-213 Parts I and 11, 
August 1971. 

3.5 Zelik, J. A . ,  "Holographic Flaw and Crack Detection in Metallic Pressure 
Vessels ,'I To be published. 

3.6 Burchett, D. J., "Laser Holography of Carbon Composite Structures," 
Carbon Composite Technology Symposium, January 30, 1970. 

3.7 Development of Light Weight Materials Composites to Insulate Cryogenic 
Tanks for Thirty Day Storage in Outer Space, Contract NAS~-26006, Report 
No. MDC G0683, September 1970. 

3 . 8  13;lom, J. C., "Development of a Thermal Protection System for the Wing 
of a Space Shuttle Vehicle," MSC-02562, February 1971. 

3.9  Hagemnier, D. J., McFaul, H. J., and Parks, J. T., "Nondestructive 
Testing Techniques for Fiber Glass, Graphite Fiber, and Baron Fiber 
Composite Aircraft structures ," Douglas Paper 5549, October, 1969. 

3.10 Evangelides, J. S. and Zimmer, J. E., "Evaluation of a Resin Matrix 
Composite Subjected to Impulsive Loading," MDAC-WD 62990, July 1969. 

4.1 S. Newman, Appl. Polymer Symposia 1, 161 (1968) 

4.2 R .  P. Kambour , Appl Polymer Symposia 1, 215 (1968) 

4 . 3  Personal Communication, Mr. K.C. Johnson, Ciba-Geigy, Inc,, July 1971 

4.4 Personal Communication, Dr. Henry Lee, Lee Pharmaceutical I n c  . , 
J u l y  1971. 

R-2 



n \" 4.5 H .  Lee and K.  Nevi l le ,  "Handbook of Epoxy Resins," McGraw-Hill 

Book Company, New York, 1.967. 

4.6 Stuart-Uriegleb Atomic Models are av i l ab le  within t h e  Un i t ed  S t a t e s  
from Arthur S. LaPine and Company, Chicago, I l l i n o i s .  

4.7 H ,  G. Lnrkin, C .  F. W i s s m a n ,  and R.  M. Washburn, unpublished work.  

14.8 H. M. Washburn, C. F. Wissman, and R. G. Larkin,"Organic Materials 

Physical Property Predict ion from Molecular S t ruc ture ,"  Douglas Report 
SM-45968, 22 September 1964. 

4.9 A. V. Topchiev, S. V. Zavgorodnii, and Ya. M. Paushkin,"Boron Fluoride 
and Its Compounds as Catalysts  i n  Organic Chenistry,"Pergamon Press ,  
New York, 1959. 

4.10 H.  S. Booth and D. R. Mar t in ,  "Boron Tr i f luor ide  and I ts  Derivatives," 
John Wiley and Sons, Inc . ,  New York, 1949. 

4 . 1 1  M. P. IIanson,"Static and Dynamic Fatigue Behavior of Glass Filament- 
2 Wound Pressure Vessels a t  Ambient and Cryogenic Temperatures," 

N A S A  TN-D-5807, May 1970. 

4 .12  E. I du Pont de Nemours & Co., Inc.  , Technical Data published by t h e  
Pioneering Research Division, Text i le  Fibers Department, PHD-49-1 High 
Modulus Fibers and Composites, 1971; a l s o ,  personal communications, D r .  

D. L. G. Sturgeon, Autust 1971 

4.13 The Boeing Airplane Company, Cryogenic Filament-Wound Tanks, Contract 
No. NAS3-13330, April  1971. 

4 . 1 4  B. J .  Aleck, Composite Reinforced Propel lant  Tanks, Quar te r ly  Technical 
Progress Narrative No. 1, Contract No. NAS3-14368, September 1971. 

4.15 Personal Communication, Mr. M. Black, HITCO, Ju ly  1971: 
Personal Communications, Meesrs . W. T. Mb 1 let- nnd J . A .  Mcf:rrrth, WfJvQri 

!jtructurea Incorporated , September ly'l I .  

R-3 



4.16 J .  A. Kies,"Maxirnum S t r a i n s  i n  t he  Resin o f  Fiber  Glass Composites," 
U.  S .  Naval Research Laboratory, Report No. AD 274560, MarcH 1962. 

'? 

4.17 J .  M. Toth, J r . ,  W .  C.  Sherman, and 1). J .  Sol tys iak ,  "Inveshigation of 
S t r u c t u r a l  Proper t ies  of Fiber Glass Filament-Wound PressuPe Vessels at 

Cryogenic Temperatures," NASA CR-54393, September 19b5. 

4.18 J. M. Toth, Jr. , and D. J. Sol tys iak ,  "Final Report, Invesbigation o f  

Smooth-Bgnded Metal Liners f o r  Glass Fiber Filament-Wound P$essure 
Vessels. " NASA CR-72165, May 1967. 

4.19 Personal Communication, Raymond F. Lark, NASA, Lewis Resear'ch Center, 
August 1971. 

4.20 Personal Communication, W .  I .  Jacobi ,  C .  T .  SchjeLdahl Company, July 1971. 



5301 Bolsa Avenue, Huntington Beach, California 92647 (714) 897-031 1 


